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ABSTRACT 
 
In many cases, the relative permeabilities measured at room-temperature conditions are applied in reservoir simulators and 
other analyses to forecast future performance at reservoir conditions. This practice may lead to erroneous results and flawed 
decisions, especially in heavy oil reservoirs, where the effect of temperature could be significant and potentially alters the 
dynamic behaviour of thermal recovery processes. Although several studies, mostly experimental, have been conducted to 
investigate the impact of temperature on end-point saturations and relative permeabilities, the conclusions are generally 
inconsistent, in both qualitative and quantitative terms, indicating poor insights into the underlying physics.  
 
This study presents an extensive review of previous works on this subject. On one hand, this research contributes to the 
explanation of disparity among available experimental datasets, and on the other hand, it quantifies the effects of these 
uncertainties on the performance of prospective thermal flood projects.  
 
From the analysis of a large volume of published datasets and integrating theoretically consistent models of oil viscosity and 
interfacial tension (IFT), simple semi-analytic functions are established for residual oil saturation (ROS) and temperature. The 
proposed models, highlighting the relative influence of oil viscosity and IFT on ROS (and relative permeabilities), are useful 
for first-pass estimation as well as extrapolating experimental data to other temperatures. With literature datasets, which 
include sandstone and carbonate media as well as light and heavy oil systems, the predictive and extrapolative capabilities of 
proposed correlations are demonstrated. Application of these correlations in Corey-type functions indicates that while oil 
relative permeability correlates positively with temperature, that of water is negative, however the magnitude of dependency is 
controlled by the interplay of several factors.   
 
Employing rock and fluid properties that are typical of Athabasca deposits, the influence of temperature-dependent relative 
permeability curves on the dynamics of steam-assisted gravity drainage (SAGD) process is evaluated with a 3D simulation 
study. Relative to the case of temperature-independency, the simulation results show significant increase (~ 26%) in oil 
recovery but reduction (~ 24%) in the cumulative steam-oil ratio. In conclusion, it is evident that ignoring temperature 
sensitivity of relative permeability functions could undermine the attractiveness of potential thermal flood projects. 
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Abstract 
In many cases, the relative permeabilities measured at room-temperature conditions are applied in reservoir simulators and 
other analyses to forecast future performance at reservoir conditions. This practice may lead to erroneous results and flawed 
decisions, especially in heavy oil reservoirs, where the effect of temperature could be significant and potentially alters the 
dynamic behaviour of thermal recovery processes. Although several studies, mostly experimental, have been conducted to 
investigate the impact of temperature on end-point saturations and relative permeabilities, the conclusions are generally 
inconsistent, in both qualitative and quantitative terms, indicating poor insights into the underlying physics.  
 
This study presents an extensive review of previous works on this subject. On one hand, this research contributes to the 
explanation of disparity among available experimental datasets, and on the other hand, it quantifies the effects of these 
uncertainties on the performance of prospective thermal flood projects.  
 
From the analysis of a large volume of published datasets and integrating theoretically consistent models of oil viscosity and 
interfacial tension (IFT), simple semi-analytic functions are established for residual oil saturation (ROS) and temperature. The 
proposed models, highlighting the relative influence of oil viscosity and IFT on ROS (and relative permeabilities), are useful 
for first-pass estimation as well as extrapolating experimental data to other temperatures. With literature datasets, which 
include sandstone and carbonate media as well as light and heavy oil systems, the predictive and extrapolative capabilities of 
proposed correlations are demonstrated. Application of these correlations in Corey-type functions indicates that while oil 
relative permeability correlates positively with temperature, that of water is negative, however the magnitude of dependency is 
controlled by the interplay of several factors.   
 
Employing rock and fluid properties that are typical of Athabasca deposits, the influence of temperature-dependent relative 
permeability curves on the dynamics of steam-assisted gravity drainage (SAGD) process is evaluated with a 3D simulation 
study. Relative to the case of temperature-independency, the simulation results show significant increase (~ 26%) in oil 
recovery but reduction (~ 24%) in the cumulative steam-oil ratio. In conclusion, it is evident that ignoring temperature 
sensitivity of relative permeability functions could undermine the attractiveness of potential thermal flood projects.   
 
Introduction 
In reservoir engineering, relative permeability is one of the most important input data, yet it is probably the least understood, 
as evident in the poor consistency among the main sources of data vis-à-vis laboratory, empirical correlations and field 
(Honarpour et al., 1988; Meads and Bassiounia, 1983). Whereas relative permeability is strictly presented as a function of 
saturation, there are evidences that other factors, including wettability characteristics, rock type, fluid viscosities, IFT as well 
as measurement method, have considerable impacts, which have not been explicitly integrated into current theories. As 
observed by a number of researchers, another layer of complexity is introduced by temperature changes, especially in thermal 
floods. However, there are conflicting conclusions from temperature-effect studies.    
 
Although the temperature sensitivity of relative permeability has been actively studied for over 50 years, our current 
understanding is still inconclusive, largely because of the complex influence of temperature on rock and fluid properties on 
one hand, and rock-fluid interactions on the other hand. As an indication of the poor insights into this problem, it can be 
inferred that rather than generalise, research findings should be treated on a case-by-case basis. Being the primary controls of 
the physics of fluid flow in porous media, there is a clear motivation to improve the current understanding of this interplay, as 
it poses a fundamental threat to investment decisions and project management. 
Imperial College 
London 
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Leveraging on the excellent work by Sola et al. (2007), we present an improved summary of the key aspects of previous 
studies in Table A.1 (Appendix A). From these publications, it is apparent that there is no consensus on the effect of 
temperature on oil / water relative permeabilities, even for comparable fluids, rocks and experimental conditions. However, oil 
viscosity and IFT appear to be common features of these investigations. In addition, for mathematical expressions that are 
currently available (Nakornnthap and Evans, 1982), neither their predictive power nor the range of uncertainties is known, thus 
limiting their applicability in practice.  
 
In this study, we explore the theoretical temperature-dependency of oil viscosity and IFT while deriving empirical 
relationships between these variables and ROS, resulting in semi-analytic functions that relate ROS and temperature. From 
Corey-type models, fundamental insights into the sensitivity of oil and water relative permeabilities to temperature are gained. 
Although the predictive and extrapolative powers of proposed models are demonstrated, they should be taken as complements 
rather than substitutes for actual measurements under anticipated reservoir and process conditions. Furthermore, 3D thermal 
simulation studies with Athabasca-type properties underscores the risks of neglecting temperature effect on relative 
permeabilities, particularly in heavy oil systems subject to thermal recovery. 
 
Historical Background 
From the literature, this subject was first studied by Wilson (1956) who, from steady-state experiments performed on natural 
consolidated sand with refined oil and brine, found no temperature dependency. Edmondson (1965) conducted dynamic 
displacement tests with crude oil, white oil and distilled water in Berea sandstone cores and reported that while ROS decreased 
with temperature, ultimate oil recovery increased. In addition, the water-oil relative permeability ratio reportedly increased at 
low water saturations but decreased at high water saturations. 
 
Davidson (1969) published dynamic displacement experiments for different fluid pairs indicating that, for water-oil system, 
relative permeability ratio increases with temperature up to a certain water saturation value and then becomes independent. 
However, a series of unsteady-state tests by Poston et al. (1970) at different temperatures using oils of various viscosities 
showed that relative permeabilities to both oil and water increased with increasing temperature. They also observed increased 
irreducible water saturation and decreased ROS when temperature increased. In explaining their observations, they argued that 
the changes were related to increasing water wetness of the unconsolidated clean quartz and decrease in contact angle and IFT 
with increasing temperature. 
 
Sinnokrot et al. (1971) calculated oil-water relative permeability curves from capillary pressure measurements in consolidated 
sandstone and limestone cores and observed that, for sandstone, irreducible water saturation increased and consequently 
relative permeability to water decreased. For limestone cores, no significant change was found in capillary pressure curves, 
hence irreducible water saturation. In addition, the hysteresis between drainage and imbibition capillary pressure curves 
gradually decreased with temperature-level increase and was virtually absent at 300 °F (148.9 °C) for the water saturation 
ranges covered by the experiments. 
 
Lo and Mungan (1973) conducted steady-state measurements in both water-wet and oil-wet sandstone cores. The effect of 
temperature on relative permeability curves was found to be similar in the oil-wet and water-wet systems. Increase in 
temperature caused decrease in ROS, increase in initial water saturation and increase in relative permeability to oil. However, 
they contended that the inverse relationship between oil-water viscosity ratio and temperature was the only reason for relative 
permeability change. To substantiate this claim, the effects were reportedly more pronounced in viscous oils.  
 
In unsteady-state tests, Weinbrandt et al. (1975) observed reduced ROS and irreducible water saturation but increased water 
and oil relative permeabilities with temperature increase. They suggested that thermally induced mechanical stresses, rather 
than interfacial rock-fluid forces, might be the cause of observed changes in absolute and relative permeabilities. Conversely, 
from their investigation of the combined effect of temperature and confining pressure on absolute permeability of clean sands, 
Casse and Ramey (1979) did not observe a noticeable impact.  
 
A semi-analytic study was presented by Nakornnthap and Evans (1982) to describe the dependency of relative permeability on 
temperature. From their work, relative permeability can be related to temperature if the irreducible water saturation is found to 
vary (empirical) with temperature. According to their model, while relative permeability to oil increases with temperature that 
of water reduces. However, neither the influence of temperature-altered ROS on relative permeability nor the impact of oil 
properties was provided. 
 
Sufi et al. (1982) found that oil and water relative permeabilities measured in Ottawa sandstone cores were independent of 
temperature. In contrast, Torabzadeh and Handy (1984) presented the combined effect of IFT and temperature on relative 
permeability curves, showing that both oil and water relative permeabilities are affected by temperature, with the effect being 
more profound in low IFT systems.  
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Miller and Ramey (1985) performed steady state experiments in both consolidated and unconsolidated sands with white oil 
and distilled water. Concluding on temperature-insensitivity, they argued that previous researcher’s results might have been 
affected by different experimental problems such as viscous instabilities, capillary end effects, clay migration and material 
balance errors. 
 
Closmann et al. (1985) used the steady state technique to measure the relative permeabilities in Peace River sand for altered, 
unaltered, de-asphalted tars and brine systems. They showed that while oil relative permeability to thermally unaltered tar 
increased, water relative permeability reduced at elevated temperatures.  
 
Maini and Batycky (1985) examined heavy oil and water relative permeabilities in horizontally and vertically drilled core 
plugs. They observed that temperature rise stimulated a reduction of irreducible water saturation but ROS decreased and then 
increased. Whereas oil relative permeability was impaired, water relative permeability remained unchanged. 
 
Kumar et al. (1985) proposed a mathematical relationship between ROS and capillary number. They showed that with 
increasing temperature, ROS decreased while irreducible water saturation initially increased then decreased in the low tension 
region. Although the oil relative permeability reportedly increased with temperature and decreasing IFT, increasing 
temperature and decreasing IFT had opposite effects on water relative permeability.  
 
Maini and Okazawa (1987) presented displacement tests for a system of Ottawa sand, Bodo oil and distilled water. Although 
the end-point and effective water relative permeabilities increased with temperature elevation, end-point oil relative 
permeability was largely insensitive.  
 
In a rather sharp deviation from the focus of earlier investigators, Watson and Ertekin (1988) studied the impact of temperature 
gradient on relative permeabilities using the steady-state method. They showed that difference in temperature gradient induced 
variation in both irreducible water saturation and ROS. By their explanation, the variations suggested that the fired cores 
became increasingly water-wet during drainage and imbibition while the unfired cores turned increasingly oil-wet during 
drainage but water-wet during imbibition. However, both oil and water relative permeabilities decreased with temperature, an 
observation attributed to the formation of a third phase vis-à-vis water-oil emulsion at high temperatures. 
 
Polikar et al. (1990), from dynamic and steady-state experiments on an Athabasca bitumen / water system in clean sands, 
found no noticeable temperature effects on either water or oil relative permeability. They attributed this insensitivity to lack of 
reactivity of the fluid / rock combinations. 
 
Kumar and Inouye (1994) developed a low-temperature analogue of the high-temperature water-oil relative permeabilities for 
a crude sample. They showed that ROS and irreducible water saturation were independent of temperature but affected by 
viscosity ratio. 
 
By measuring saturations with computerised tomography (CT) scanner and performing simulations, Akin et al. (1999) 
introduced a different technique for assessing temperature effects on relative permeabilities. They concluded that the relative 
permeability curve at ambient temperature is robust for both ambient and elevated temperature conditions, thus temperature-
independency. On the other hand, Schembre et al. (2006), from the analysis of in-situ aqueous-phase saturation profiles 
obtained from X-ray CT during high-temperature imbibition experiments in diatomaceous rocks, noted that ROS and water 
relative permeability end-point decreased systematically with temperature. These results were found to be consistent with an 
increase in water wettability of the core samples. 
 
With unsteady-state technique and employing a combination of distilled water and oil of various viscosities, Sedaee Sola et al. 
(2007) provided the first set of experimental results for carbonate formations. For dolomite / heavy oil system, they noted that 
increased temperature induced reduction and increase in water and oil relative permeabilities respectively. However, for 
limestone / medium oil system, both oil and water relative permeabilities decreased with temperature rise. 
 
In the presence of magnesium and sulphate ions (sea water), Hamouda et al. (2008) examined temperature effect on the 
wettability of modified oil-wet chalk reservoir and water / oil relative permeabilities. Although ROS decreased with 
temperature up to 175 °F, it increased at 265 °F. They explained this non-monotonic behaviour by possible oil trapping caused 
by fine detachment and migration. Both oil and water saturations shifted towards high water saturation with temperature up to 
175 
o
F. 
 
Very recently, Xin et al. (2010) performed experiments to determine the efficiencies of steam and hot water flooding in Chao 
field, China. The key finding was that ROS decreased while irreducible water saturation increased with temperature. 
According to them, these observations were due to temperature-induced reduction of oil viscosity and wettability alteration.  
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Methodology 
Motivated by the observations of a number of researchers, we explore the influences of oil viscosity and IFT, known to be 
sensitive to temperature, on ROS. The following steps highlight some of the procedures used in this research. A complete 
workflow is depicted as Fig. B.1 (Appendix B).  
 
1. Based on available datasets, empirical correlations are derived relating ROS and oil viscosity on one hand (Fig. 1), and 
ROS and IFT on the other hand (Fig. 2).   
2. By coupling viscosity and IFT-temperature models to preceding empirical correlations, the temperature-dependencies of 
ROS are derived for viscosity and IFT-controlled systems.   
3. Derived models are fitted to published datasets, generating generic model constants for both sandstone and carbonate 
media. The range of model constants provides fair reflection of uncertainties associated with the data sources.  
4. Robustness of models in predictive and extrapolative modes is examined. 
 
In the following analyses, the main assumptions are: 
 
 ROS is controlled by oil viscosity and IFT which, in turn, are strictly temperature-dependent. 
 The lower limits of ROS are established by the asphaltene content of the oil. 
 Irrespective of the temperature, there is no phase change.  
 
Effect of Oil Viscosity. 
As shown in Fig. 1, there is a logarithmic relationship between ROS and oil viscosity, indicating a generally consistent 
trend of increasing ROS with viscosity. The source of experimental data used to develop this correlation can be found in the 
figure legend. Though the highlighted points (“outliers”) are not included in the fit, it is obvious that they can be reasonably 
fitted with a logarithmic function parallel to the main fit. This suggests that while the influence of varied rock / fluid properties 
and / or experimental conditions / errors may lead to different intercepts, the net effect (“slope”) can be regarded as fairly 
consistent. In principle, the “intercept” of the fitted function corresponds to the ROS at some very low viscosity values. 
 
In the following derivation, further to the general assumptions earlier made, we ignore the effect of IFT vis-à-vis the viscosity 
response to temperature changes dominates ROS and relative permeability dynamics.   
In its general form, the deduced empirical correlation is given by: 
 
a)ln(bS oor   …………………………...................………...............................………………………….…………(1) 
where, a and b are empirical constants.  
Fig. 1: Experimental ROS vs. Oil viscosity (Sandstone). The highlighted points are not included in the fit however they can 
still be fitted to a line parallel to the main line, suggesting different rock and fluid properties and/or experimental 
conditions. 
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Coincidentally, in a dedicated study involving 1,000 to 13,500 cP crude oil, a similar empirical correlation was obtained by 
Wang et al. (2006), though with much fewer experimental data points.   
 
For reasons that would soon become apparent, Eq. 1 can be rewritten in another form: 
 
 boor AlnS   ……………………................………………………......…...............................………………………..(2) 
 
where, A is also an empirical constant. 
 
A simple theoretically consistent way of describing the temperature-dependency of oil viscosity is the Andrade’s equation 
(Reid et al., 1987): 
 
T
B
oio e  ……………………………………………................……....................……………………..……………..(3)   
       
where, oi and B are constants and T is absolute temperature. 
 
Combining Eqs. 2 and 3, and noting that A, B, b and oi are constants, we obtained the following expression: 
 
 
T
m
cTS
ow
or 
;                       oiaoroi SXSS  …………..............…………..........……..............……...(4)   
                                                                                                                         
where, c and m are empirical constants and T is absolute temperature. Soi and Xa are initial oil saturation and asphaltene 
volume-fraction respectively. For the sake of physical consistency, we have imposed the indicated constraint. 
 
Evidently, Eq. 4 provides a good argument for the inverse relationship between ROS and temperature, and by implication, 
partly explains the dependency of oil and water relative permeabilities on temperature, at least for systems that involve oil  
samples (mainly heavy oils) whose viscosities are noticeably responsive to temperature perturbations. 
 
Effect of IFT. 
On the assumption that the impact of IFT dominates ROS response to temperature changes, we follow the procedure used 
for the viscosity effect. From Fig. 2, we can deduce a linear positive correlation between ROS and IFT. 
 
 
 
 
Fig. 2: Experimental ROS vs. Oil /water interfacial tension (Sandstone). The general trend shows decrease in ROS with 
decreasing IFT.  
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owor vuS  …………………………………………….......................……………………………………………….(5)   
 
where, u and v are constants.  
 
The source of experimental data used to develop the above correlation can be found in the figure legend. Most of the 
experimental data which were used in developing the ROS and oil viscosity relationship has been used to develop above 
correlation between ROS and IFT.  
 
The effect of temperature on IFT can be described by the Guggenheim equation (Adam, 1941): 
 
n
c
low
T
T
1 







 …………………………................................………………………………………………………(6) 
 
where n, σl and Tc are constants. 
 
For organic fluids, n=11/9 (Adam, 1941). For simplicity, if we assume that n=1, and substitute Eq. 6 into Eq. 5 noting that u, 
v, σl and Tc are empirical constants, the following results: 
 
  TTS
o
or  
;                    oiaoroi SXSS  ……….....................................…………………………...(7)   
 
Whereas  and  are model constants, T is absolute temperature. 
 
According to Eq. 7, where IFT is the dominant effect, it is expected that ROS would vary linearly with absolute temperature.  
 
Validation of Models and Generation of Model Constants 
On the basis of Eqs. 4 and 7, available datasets were curve-fitted. Fig. 3 illustrates fitted Sor vs. T
-1
 for various sandstone 
media, covering light and heavy oil systems. From physical inspection and the statistic (coefficient of fitting, R
2
), it is evident 
that the proposed function adequately describes virtually all the experiments. Ignoring other factors, from the slopes, it can be 
inferred that the response of ROS to temperature correlates positively with oil viscosity.   
 
Similarly, as specified by Eq. 7, Fig. 4 shows the appropriateness of Sor vs. T formulation, suggesting that the IFT effect was 
probably not negligible. However, a comparison of the statistics from Figs. 3 and 4 would reveal that the experimental results 
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Fig. 3: Residual oil saturation vs. Reciprocal Temperature for published datasets (Sandstone), showing decrease in ROS 
with temperature increase. 
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appear to be more consistent with the viscosity effect than the IFT effect. Tables C.1-C.4 (Appendix C) summarise the model 
parameters and curve-fitting statistics. From these, we obtained the low, base and high cases (Table 1), referring to the 
corresponding minimum, average and maximum values respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
In principle, the range of model constants is a fair reflection of uncertainties associated with the experiments. Additionally, this 
may be a manifestation of the fact that though temperature might be the primary forcing variable, the influence of other 
triggers, such as in-situ wettability, fluid compositions, chemical reactions and geomechanics as well as experimental errors, 
may not always be negligible. This notwithstanding, the establishment of the range of model constants allows the applicability 
of Eqs. 4 and 7 in predictive mode (when there is no reference data), at least for preliminary estimations and evaluations. 
 
         Table 1: Empirical Constants for Sandstone and Carbonates 
          
 
 
Realisation 
 
Sandstone 
 
Carbonates 
 
Viscosity Effect 
 
IFT Effect 
 
Viscosity Effect 
 
IFT Effect 
 
c 
 
m (K) 
 
 
 
 (K
-1
) 
 
 
c 
 
m (K) 
 
 
 
 (K
-1
) 
 
 
Low 
 
-0.9821 
 
51.095 
 
0.4361 
 
-0.00380 -1.124 102.560 0.439 -0.0035 
 
Base 
 
-0.2865 
 
184.935 
 
0.7482 
 
-0.00147 -0.589 349.880 1.095 -0.0020 
 
High 
 
0.2294 
 
399.620 
 
1.4821 
 
-0.00040 -0.169 630.210 1.870 -0.0009 
 
Extrapolative Mode. 
In practice, we usually have, either from measurement or correlations, ROS at a particular temperature. With simple 
manipulations of Eqs. 4 and 7, we obtained the following for extrapolating the reference point (T1, Sor1) to (T2, Sor2) in the 
viscosity-based and IFT-based models respectively. 
 
 
21
21
1or2or
TT
TTm
SS

 ;          oiaoroi SxSS  ………..................................……….…………….….(8) 
 
 211or2or TTSS   ;          oiaoroi SxSS  ………………….......................................…………..(9) 
 
However, in the unusual scenario where measurements are available at two or more temperatures, we can estimate two sets of 
slope and intercept (Sor vs. T
-1
 and Sor vs. T) which can be used directly in Eqs. 4 and 7, thereby enhancing their predictability. 
It is worth stating that with the range of model parameters, the proposed functions are not intended to be “exact”, rather we  
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Fig. 4: Residual oil saturation vs. Temperature for published datasets (Sandstone), showing decrease in ROS with              
temperature increase. 
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anticipate the actual measurement to be reasonably bounded within our low and high-realisation models, with the base case 
most likely to yield the “best” results. As would be expected, model performance should improve when conditioned to some 
data obtained from the system of interest. 
 
Further Validation 
Having established the range of empirical constants, suitability of the models is further evaluated. For this purpose, we use the 
data of Bennion et al. (2006), based on 43 different flood studies on unconsolidated cores from the western Canadian basin.  
 
In the extrapolative mode, we take a room-temperature reference point T = 25 
o
C, Sor = 0.6.  Figs. 5 and 6 show the 
extrapolation results for the viscosity and IFT-based functions respectively. In spite of the significant scatter of the data, the 
reasonable reliability of our models is apparent. Although less satisfactory, Figs. 7 and 8 highlight the suitability of the models 
when used for “blind” prediction (no reference data). Most importantly, either in predictive or extrapolative application, the 
results reasonably affirm the assertion that actual measurements would fall within the proposed bounds. Despite the acceptable 
performance of proposed models, we emphasise that they should only be used for preliminary evaluations and to complement 
laboratory and field measurements. However, it is obvious that with additional and varied datasets, there is scope for further 
refinement of the correlation parameters, hence improving the models. 
 
In essence, on the basis of the encouraging results obtained for both the viscosity and IFT-based correlations, we can conclude 
that viscosity and IFT are important contributors to the temperature-sensitivity of ROS, and by implication, relative 
permeabilities and reservoir dynamics.  
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Fig. 7: Validation of Viscosity-controlled model (Predictive). Fig. 8: Validation of IFT-controlled model (Predictive). 
Fig. 5: Validation of Viscosity-controlled model (Extrapolative). 
The reported data falls reasonably well within the proposed 
bounds. 
Fig. 6: Validation of IFT-controlled model (Extrapolative). The 
reported data falls reasonably well within the proposed 
bounds. 
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Reservoir Simulation 
To quantify the impact of temperature-dependent relative permeabilities on reservoir dynamics, simple steam-assisted gravity 
drainage (SAGD) model was evaluated. A 3D homogenous numerical simulation model was constructed with STARS, a 
commercial thermal simulator developed by the Computer Modelling Group (CMG), Canada. Although with some 
modifications, most of the input parameters (Table 2), characteristic of Athabasca reservoirs, were sourced from Law (2004). 
 
Table 2:  Reservoir and Fluid Properties 
 
Model configuration 50 X 5 X 25 Formation thermal expansion coefficient 0  
o
C
-1
 
Grid dimensions 1 m X 100 m X 1 m Overburden / underburden volumetric heat capacity 2.39 x 10
6
 J m
-3
 
o
C
-1
 
Horizontal permeability 6000 md Overburden / underburden thermal conductivity 1.469 x 10
5
 J m
-1
 day 
-1
 
o
C
-1
 
Vertical permeability 3000 md Oil molecular weight 500 g mol
-1
 
Porosity 0.34 Oil compressibility 2.392 x 10
-7
 kPa
-1
 
Initial oil saturation 0.85 Oil thermal expansion coefficient 2.46 X 10
-6
 
o
C
-1
 
Initial water saturation 0.15 Oil viscosity:  
Initial temperature 10 
o
C                   @ 5 
o
C 7.4 X 10
6 
cP 
 
Initial pressure 800 kPa                   @ 110 
o
C 240
 
cP 
Formation compressibility 7 x 10
-6
 kPa
-1
                   @ 275 
o
C 2.34 cP 
                                                                                                                                                                         
Relative Permeability Model. 
This was based on standard Corey correlation (CMG, 2009), with input data in Table 3 (assumed for T = 10 
o
C). For 
conservativeness, base-case model constants were used in Eqs. 8 and 9 to account for temperature effect on ROS, with the 
asphaltene volume fraction taken to be 10 %.  Resulting curves are depicted in Fig. 9 for 10, 70, 130, 190 and 250 
o
C, 
indicating increasing oil relative permeability but decreasing water relative permeability with temperature. The main 
assumptions in calculating the temperature-dependent relative permeability function are: 
 
 Except ROS, all other variables in the Corey models are not affected by temperature. 
 The lower limits of ROS are established by the asphaltene content of the oil.  
 
Although we have used Corey-type models, in principle, the qualitative and quantitative effects of temperature can be assessed 
using any set of relative permeability functions (Honarpour et al., 1986), provided such functions include ROS as an 
independent variable. As these functions were based on different assumptions, it is not unlikely that the magnitude and sense 
of temperature response would vary.  Consequently, we have three relative permeability models vis-à-vis no-dependency, 
viscosity-controlled dependency and IFT-controlled dependency.  
 
Table 3: Input Data for Corey Relative Permeability Function 
 
Swc, Swcrit 0.15 Krocw 0.9942 
Soirw, Sorw 0.40 Krwiro 0.4473 
Soirg, Sorg 0.20 Krgcl 0.9567 
Sgcrit 0.05 Nw, Ng, Now, Nog 3.5 
 
                                    
(a)     Viscosity effect                                   (b)     IFT effect 
Fig. 9: Temperature-dependency of oil and water relative permeability curves 
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Well Model.  
This comprises two horizontal wells, each of length 500 m, 
radius 0.2 m, and perforated throughout its length (Fig. 10). With 
no bottom aquifer included, the producer was placed at the base, 
and 5 m above it, in the same vertical plane, was the injector. 
Saturated steam was injected at 100 % quality and 225 
o
C (2550 
kPa). While the injector operated on a maximum bottomhole 
pressure constraint of 4500 kPa, the producer was constrained to 5 
o
C steam trap (minimum temperature difference between injected 
steam and produced condensate). The wells had 100 % uptime 
while simulation was run for 5 years. 
     
Results and Discussion 
The simulation results are presented in Figs. 11-13 for oil saturation, cumulative oil production and cumulative steam-oil ratio 
(CSOR) respectively. Although the early-time profiles do not show considerable differences for the three cases, the ultimate 
behaviours highlight clear distinction between the temperature-dependent and independent cases. Similarity of the early-time 
behaviours is attributed to the delay in heating up the reservoir to appreciable temperatures, at which induced changes in 
relative permeabilities become significant.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For this simple development, the results show the implications of non-inclusion of temperature effect on relative permeability. 
Figs. 12 and 13 shows that the increase oil relative permeability with temperature results into increase in oil recovery and 
reduction in steam oil ratio for both temperature-dependent cases. In this example, project value could be eroded by at least 
150,000 stb (26 %) over the 5-year period. On the contrary, steam requirement, which is a fair measure of project costs, could 
be overstated by at least 24 %. Evidently, a combination of underestimated recoverable oil and overstated steam consumption 
(and produced water) would lead to poor decision-making, which could cause the rejection of an otherwise promising project.   
 
Fig. 10: SAGD Simulation model 
Fig. 11: Variation in oil saturation over the period of simulation for one half-section of the model in No-
Temperature dependency case. 
Fig. 12: Temporal evolution of oil recovery for different cases.  
Clearly the oil recovery in temperature-dependent cases is 
higher than no temperature-dependent case. 
Figure 13: Comparison of Cumulative Steam Oil Ratio. CSOR in 
both temperature-dependent cases is lower than the no 
temperature-dependent case. 
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Conclusion 
1. The residual oil saturation decreases with increasing temperature for both sandstone and carbonate media with light or 
heavy oil systems. However the effect is more pronounced in heavy oil systems. 
2. In case of no reaction between rock and fluids, oil viscosity and oil-water interfacial tension are the important factors 
causing the reduction in ROS with temperature increase. 
3. Simple semi-analytic functions are presented for the preliminary analysis of ROS reduction with temperature increase. 
The proposed models, highlighting the relative influence of oil viscosity and IFT on ROS (and relative permeabilities), are 
useful for initial estimation as well as extrapolating experimental data to other temperatures. 
4. Application of these correlations in Corey-type functions indicates that oil relative permeability increases and water 
permeability decreases with increasing the temperature. However the magnitude of dependency is controlled by the 
interplay of several factors (fluid properties, rock type etc.) 
5. Relative to the case of temperature-independency, the thermal simulation results show significant increase in oil recovery 
and reduction in the cumulative steam-oil ratio. Hence, it is evident that ignoring temperature sensitivity of relative 
permeability functions could undermine the attractiveness of potential thermal flood projects. 
 
Future Work 
1. Additional work needs to be performed to determine the effect of temperature increase on irreducible water saturation 
(Swirr) and relative permeability. 
2. Investigations need to be done to determine the combined effect of oil viscosity and IFT on ROS at elevated temperatures. 
3. The predictability of the models needs to be improved by refining the correlation parameters with additional and varied 
experimental datasets. 
4. Due to very limited data available for Carbonate rocks, additional lab experiments are recommended to further examine 
the effect of temperature on ROS in carbonates rocks. 
5. The work presented in this study is limited to 2-phase oil/water relative permeability and is recommended to be extended 
to 3-phase relative permeability. 
 
Nomenclature 
a = intercept of residual oil saturation vs. oil viscosity relationship, fraction 
b = slope of residual oil saturation vs. oil viscosity relationship, [ln(cP)]
-1
 
A = empirical constant in residual oil saturation vs. oil viscosity relationship, dimensionless 
B = empirical constant in Andrade equation, K 
c = intercept of residual oil saturation vs. reciprocal temperature relationship, fraction 
Krg = gas relative permeability, fraction 
Krgcl = gas relative permeability at connate liquid, fraction 
Kro = oil relative permeability, fraction 
Krocw = oil relative permeability at connate water, fraction 
Krog = oil relative permeability at connate/critical gas, fraction 
Krw = water relative permeability, fraction 
Krwiro = water relative permeability at irreducible oil, fraction 
m = slope of residual oil saturation vs. reciprocal temperature relationship, K 
n = empirical factor in Guggenheim equation, dimensionless 
Ng = exponent for calculating Krg, dimensionless 
Nog = exponent for calculating Krog, dimensionless 
Now = exponent for calculating Kro, dimensionless 
Nw = exponent for calculating Krw, dimensionless 
Sgcrit = critical gas saturation, fraction 
Soi = initial oil saturation, fraction 
Soirg = irreducible oil saturation for gas-liquid relative permeability function, fraction 
Soirw = irreducible oil saturation for water-oil relative permeability function, fraction 
Sor = residual oil saturation, fraction  
Sorg = residual oil saturation for gas-liquid relative permeability function, fraction 
Sorw = residual oil saturation for water-oil relative permeability function, fraction 
Sw = water saturation, fraction 
Swc = connate water saturation, fraction 
Swcrit = critical water saturation, fraction 
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T = temperature, K 
Tc = critical temperature, K 
u = intercept of residual oil saturation vs. interfacial tension relationship, fraction 
v = slope of residual oil saturation vs. interfacial tension relationship, cm/dynes[m/mN] 
Xa = asphaltene volume-fraction 
  
μ = dynamic viscosity, cP[Pa.s] 
σ = interfacial tension, dynes/cm [mN/m] 
σl = empirical constant, dynes/cm [mN/m] 
α = intercept of residual oil saturation vs. temperature relationship, fraction 
β = slope of residual oil saturation vs. temperature relationship, K-1 
Subscripts 
g = gas 
i = initial 
o = oil 
r = residual 
w = water 
  
SI Metric Conversion Factors 
dyne    1.0
*
   E 02 = mN 
o
F    (°F - 32)/1.8 = 
o
C 
o
F              (
o
F + 459.67)/1.8 = K 
*Conversion factor is exact. 
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Appendix A: Summary of Past Research Work 
 
    Table A.1: Summary of Experimental/Theoretical Investigations of Elevated Temperature Effects on Relative Permeabilities 
SN 
 
Reference Technique Fluids Rock 
Temperature 
Range, °F 
End-point 
Saturation 
Relative 
Permeability 
Sor Swirr Kro Krw 
1 Wilson (1956) Steady-state Method 
 
Refined Oil and Brine Natural Consolidated 
Sandstone 
90 and 160
 o
F Independent Independent 
2 Edmondson (1965) 
Dynamic 
Displacement + Welge 
Method 
 
Crude oil, White oil, 
Distilled water 
Berea Consolidated 
Sandstone 
75 – 500
 o
F 
 
Sor decreases from 0.48 to 0.29 
and Swirr increases from 0.185 to 
0.25 for No.15 White oil. 
 
Krw/Kro ratio increases at low Sw 
and decreases at high Sw. 
3 Davidson (1969) 
Dynamic Displacement + 
Welge Method 
 
Nitrogen, Steam, 
Distilled water and 
White oil 
 
 
Sandstone (Tyler –
grade Nevada sand 
+ aquarium gravel) 
75 – 540
 o
F ----- 
 
For water-oil system,   Krw/Kro 
increases with temperature up to a  
water saturation point then 
becomes independent 
4 Poston et al. (1970) 
Dynamic Displacement + 
JBN Method 
 
Oils with 80,99,600 cp 
viscosity and Fresh 
water 
Unconsolidated 
natural clean quartz 
and  Houston Sands 
70 – 275
 o
F 
For natural unconsolidated Sand 
and 600cp oil, Sor decreases from 
0.39 to 0.15 and Swirr increases 
from 0.23 to 0.35. 
 
Interfacial Tension decreased with 
temperature increase and both Kro 
& Krw increase. 
5 
Sinnokrot et al. 
(1971) 
Capillary Pressure 
Measurement 
 
 
White Oil and  Distilled 
water 
Consolidated 
Sandstone and 
Limestone 
70 – 325
 o
F 
In Berea sandstone case, Swirr 
increases from 0.165 to 0.28 
In Limestone case, Swirr ~ 
constant 
 
In sandstones kro increases 
and Krw decreases 
6 
Lo and Mungan 
(1973) 
Steady-state Method 
Refined oil (Kaydol, 
Protol, Tetradecane) 
and Brine 
Berea Sandstone 
(water wet) and 
Consolidated porous 
Teflon(oil wet) 
75 – 300
 o
F 
 
Sor decreases and  
Swirr increases 
 
Kro increase, all related to viscosity 
change with temperature. 
7 
Weinbrandt et al. 
(1975) 
Unsteady-state + Welge 
and JBN Methods 
 
White mineral oil and 
Distilled water 
Consolidated 
Boise Sandstone 
80 and 175
 o
F 
 
Swirr increases from 0.19 to 0.34 
and Sor decreases from 0.35 to 
0.15 
 
Kro and krw increases 
 Kabs decreases due to thermally 
induced mechanical stresses. 
8 
Casse and Ramey 
(1979) 
Single Phase Flow 
Measurements 
 
Distilled, Deaerated  
Water and White Oil 
 
Boise, Berea and 
Bandera Sandstone 
70 and 325
 o
F ----- 
 
Kabs is independent of temperature 
in clean sands. 
9 Sufi et al. (1982) 
Unsteady-state +  
JBN Method 
 
White mineral oil and 
Distilled water 
Unconsolidated 
Ottawa Sandstones 
70 – 300
 o
F 
 
Independent (Swirr increases and 
Sor decreases due to viscosity 
change) 
Independent 
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10 
Nakornthap, Evans 
(1982) 
Analytical Analysis using 
Mathematical Model  
--- --- --- --- 
 
Kro increases and 
Krw decreases 
11 
Torabzadeh and 
Handy (1984) 
Unsteady-state 
and Steady-state Methods 
n-Dodecane, 10 g/kg 
NaCl Brine (For High 
IFT), 2g/kg Petrostep 
465 & 10g/kg NaCl 
Brine (For Low IFT) 
Fired Berea 
Sandstone 
70 – 350 
o
F 
 
For High IFT: Swirr increases from 
0.28 to 0.39 and 
Sor decreases from 0.33 to 0.25. 
For Low IFT: No significant change 
in Swirr and  
Sor decreases from 0.23 to 0.02. 
 
For High IFT: Kro increases, 
Krw decreases. 
For Low IFT: Kro increases, 
Krw increases up to 210 
o
F and 
then decreases possibly due to 
wettability alteration. 
12 
Miller, Ramey 
(1985) 
Unsteady state + JBN 
Method 
Refined Whit Mineral Oil 
(Blandol) and Distilled 
Water 
Unconsolidated 
Ottawa Sand 
and Consolidated 
Berea Sand 
Room to 300
 o
F Independent Independent 
13 
Closmann et al. 
(1985) 
Steady-state 
Thermally Altered, 
Unaltered & 
Deasphaltad tar and 
Brine (2.5 wt % NaCl) 
Peace River Sand 145 and 385
 o
F --- 
Kro to thermally unaltered tar and 
Krw shifted to lower Sw at 385
o
F. 
14 
Maini, Batycky 
(1985) 
Unsteady-state + 
History Matching 
Heavy oil 
(16400 cp) and Brine 
(1200 mg/L dissolved 
solids) 
Preserved 
Sandstone Cores 
from Heavy 
Oilfield 
77 – 522
 o
F 
Swirr increases from 0.29 to 0.48 
and Sor decreases from 0.4 to 0.25 
at 212 
o
F and then increases to 
0.36. 
Kro decreases and 
Krw independent 
15 Kumar et al. (1985) 
Theoretical & 
Mathematical 
Dodecane Berea Sandstone 70 – 350 
o
F 
 
Swirr increases and 
Sor decreases 
 
Kro increases and 
Krw decreases 
16 
Maini, Okazawa 
(1987) 
Unsteady-state + History 
Matching 
Heavy Crude Oil and 
Deionized Water 
Ottawa Silica Sand 72 – 392
 o
F --- 
Krw increases at intermediate Sw 
range and Kro independent 
17 
Watson, Ertekin 
(1988) 
Steady-state Method 
Refined oil (Soltrol 170) 
and Brine (2%CaCl2) 
Berea sandstone Room – 300
 o
F 
Swirr decreases and 
Sor decreases 
 
Kro and Krw decrease due 
to the formation of third phase i.e 
oil-water emulsion 
18 
 
Polikar et al. (1989) 
Steady-state Method 
Athabasca 
Bitumen and Deionized 
Water 
Unconsolidated 
Silica Sand 
255 & 345
 o
F Independent Independent 
19 Polikar et al. (1990) 
Steady and 
Unsteady-state Methods 
 
Athabasca bitumen (8-
10API), Deionised 
water, Brine (5.8lbm/gal 
sodium ion) 
 
Athabasca 
Unconsolidated 
Sand and Silica 
Sand 
212 – 482
 o
F Independent Independent 
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20 
Kumar, Inouye 
(1994) 
Unsteady-state + 
Graphical JBN Method 
White Oil, Refined 
Silicon Oil, Heavy  
Crude Oil and Brine (0.5 
M KCl) 
Berea 
Unconsolidated 
Sandstone 
75–320
 o
F 
Independent 
(End-point saturations are the 
function of viscosity ratio) 
Independent 
21 Akin et al. (1999) 
Unsteady-state & CT 
Scanning  + JBN and 
Simulation 
Mineral oil, South Bridge 
heavy oil and Brine 
 
South Belridge Sand 
and Ottawa 
Sandstone 
72–150 
o
F Independent Independent 
22 
Schembre et al. 
(2006) 
In-situ aqueous phase 
saturation determination 
by (CT) scan 
Crude oil, Mineral oil 
and Brine 
Diatomaceous 
Rocks 
250 and 356 
o
F 
 
Sor decreases 
Krw decreases as the rock 
becomes more water-wet at 
elevated temperature due to 
liberation of fine material from pore 
walls. 
23 
Sedaee Sola et al. 
(2007) 
Unsteady-state + JBN 
Method and History 
Matching 
 
Medium to Heavy Oil, 
Viscosity (10-16000 cp) 
and Distilled Water 
 
Unpreserved 
Limestone and 
Dolomite Cores 
100–500 
o
F 
 
For Heavy Oil/Water system, Sor 
decreases from 0.68 to 0.08 in 
Limestone and 0.42 to 0.18 in 
Dolomite rocks. 
 
For dolomite/heavy oil system, Krw 
decreases and Kro increases. 
For limestone/medium oil system 
both Krw and Kro decreases. 
 
24 
Hamouda et al. 
(2008) 
Unsteady-state + 
Graphical  JBN 
Method 
Brine containing 0.06 M 
MgCl2 or 0.03 M Na2SO4 
or Distilled Water and 
n-decane containing 
fatty acids 
Oil Wet Chalk Cores 175—265 
o
F 
Sor decreases up to 175 °F but  at 
265 °F, it increases possible due to 
oil trapping caused by fine 
detachment and migration at 
temperature > 175 °F 
 
Kro and Krw shifted towards high 
water saturation with temperature 
up to 175 
o
F. 
Effect of Temperature-Dependent Relative Permeability Functions on Thermal Recovery of Heavy Oil  17 
 
 
Appendix B: Project Workflow Chart  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. B.1: Flow chart showing the workflow presented in this study.
 
Generate Model Constants and 
Uncertainty Bounds 
Validation 
Model Validation Model Validation 
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Experimental Data 
Empirical Correlation 
Sor vs. μo 
Empirical Correlation 
Sor vs. IFT 
IFT Controlled       
Semi-Analytical Model 
Sor vs. T 
Viscosity Controlled 
Semi-Analytical Model 
Sor vs. T
-1 
Using Guggenheim 
Eq. for   IFT vs. T 
Using Andrade Eq. for    
μo vs. T 
Further Model 
Validation 
Temperature-
Dependent 
Relative 
Permeability 
 
Thermal Reservoir 
Simulation 
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Appendix C: Tables of Model Parameters and Curve-fitting Statistics             
(Sandstone and Carbonates) 
 
Table C.1: Model parameters and curve-fitting statistics for Sor vs. T
-1
 (Sandstone) 
* Based on just two data points 
 
 
 
 
Reference Rock 
Oil 
Viscosity 
(μo), cP 
Interfacial 
Tension 
(mN/m) 
Temperature 
Range (K) 
Intercept, 
c 
Slope, m 
(K) 
R
2
 
Poston et al. 
(1967) 
Natural 
Unconsolidated Sand 
600 26 297 -  408 -0.4932 262.59 0.9996 
Poston et al. 
(1967) 
Natural 
Unconsolidated Sand 
80 22.3 297 -  408 -0.1902 125.94 0.9782 
Poston et al. 
(1967) 
Houston Sand 600 26 297 -  408 -0.6926 332.17 0.9967 
Poston et al. 
(1967) 
Houston Sand 99 25 297 -  408 -0.2781 168.06 0.9932 
Poston et al. 
(1967) 
Houston Sand 80 22.3 297 -  408 -0.0058 77.126 0.9030 
Weinbrandt et 
al. 
(1975) 
Consolidated Boise 
Sand 
170 53 300 - 353 -0.9821 399.62 1.00* 
Sufi et al. 
(1982) 
Unconsolidated 
Ottawa Sand 
--- --- 294 - 394 -0.5974 258.37 0.9094 
Edmondson 
(1965) 
Berea Sand 70 49 311 - 422 -0.1412 192.27 0.9993 
Torabzadeh 
and Handy 
(1984) 
Berea Sand 1.425 33.4 300 - 450 0.1395 59.117 0.9389 
Torabzadeh 
and Handy 
(1984) 
Berea Sand 1.425 0.187 300 - 450 -0.4082 193.13 0.9601 
Watson and 
Ertekin 
(1988) 
Berea Sand --- --- 294 - 455 0.2294 51.095 0.7013 
Xin et al. 
(2010) 
Chao Reservoir Sand 65 --- 328 - 543 -0.0180 99.734 0.9952 
                                                                                                                        Average: -0.2865 184.935 
 Maximum: 0.2294 399.62 
                                                                                                                        Minimum: -0.9821 51.095 
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Table C.2: Model parameters and curve-fitting statistics for Sor vs. T (Sandstone) 
* Based on just two data points   
Reference Rock 
Oil 
Viscosity 
(cP) 
Interfacial 
Tension  
(mN/m) 
Temperature 
Range (K) 
Intercept, 
 
Slope,   
(K
-1
) 
R
2
 
Poston et al. 
(1967) 
Natural 
Unconsolidated Sand 
600 26 297 -  408 1.0335 -0.0022 0.9930 
Poston et al. 
(1967) 
Natural 
Unconsolidated Sand 
80 22.3 297 -  408 0.5466 -0.0011 0.9953 
Poston et al. 
(1967) 
Houston Sand 600 26 297 -  408 1.2324 -0.0027 0.9777 
Poston et al. 
(1967) 
Houston Sand 99 25 297 -  408 0.6952 -0.0014 0.972 
Poston et al. 
(1967) 
Houston Sand 80 22.3 297 -  408 0.4361 -0.0006 0.847 
Weinbrandt et 
al. 
(1975) 
Consolidated Boise 
Sand 
170 53 300 - 353 1.4821 -0.0038 1.00* 
Sufi et al. 
(1982) 
Unconsolidated 
Ottawa Sand 
--- --- 294 - 394 0.9073 -0.0022 0.8534 
Edmondson 
(1965) 
Berea Sand 70 49 311 - 422 0.5547 -0.0008 0.9964 
Torabzadeh 
and Handy 
(1984) 
Berea Sand 1.425 33.4 300 - 450 0.4628 -0.0004 0.915 
Torabzadeh 
and Handy 
(1984) 
Berea Sand 1.425 0.187 300 - 450 0.6412 -0.0014 09123 
Watson and 
Ertekin 
(1988) 
Berea Sand --- --- 294 - 455 0.5229 -0.0004 0.7845 
Xin et al. 
(2010) 
Chao Reservoir Sand 65 --- 328 - 543 0.4632 -0.0006 0.9904 
                                                                                                                Average: 0.7482 -0.00147 
                                                                                                                  Maximum: 1.4821 -0.0004 
                                                                                                                 Minimum: 0.4361 -0.0038 
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Table C.3: Model parameters and curve-fitting statistics for Sor vs. T
-1
 (Carbonates) 
 
Reference Rock 
Oil 
Viscosity 
(μo), cP 
Interfacial 
Tension 
(mN/m) 
Temperature 
Range (K) 
Intercept, 
c 
Slope, m 
(K) 
R
2
 
Sedaee Sola 
et al. 
(2007) 
Limestone 16400 ---- 339 - 533 -1.124 630.2 0.9482 
Sedaee Sola 
et al. 
(2007) 
Dolomite 2094 ---- 366 - 505 -0.4742 316.88 0.8543 
Sedaee Sola 
et al. 
(2007) 
Limestone 10 ---- 311 - 366 -0.1699 102.56 1.00* 
Average: -0.58937 349.88 
 
Maximum: -0.1699 630.2 
Minimum: -1.124 102.56 
* Based on just two data points 
 
 
 
Table C.4: Model parameters and curve-fitting statistics for Sor vs. T (Carbonates) 
 
Reference Rock 
Oil 
Viscosity 
(μo), cP 
Interfacial 
Tension 
(mN/m) 
Temperature 
Range (K) 
Intercept, 
 
 
Slope,  
(K
-1
) 
 
R
2
 
Sedaee Sola 
et al. 
(2007) 
Limestone 16400 ---- 339 - 533 1.8708 -0.0035 0.9475 
Sedaee Sola 
et al. 
(2007) 
Dolomite 2094 ---- 366 - 505 0.9762 -0.0016 0.7848 
Sedaee Sola 
et al. 
(2007) 
Limestone 10 ---- 311 - 366 0.4399 -0.0009 1.00* 
Average: 1.0956 -0.002 
 Maximum: 
1.8708 -0.0009 
Minimum: 0.4399 -0.0035 
* Based on just two data points   
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Appendix D: Critical Literature Review 
 
Table D.1: Milestones in effect of temperature-dependent relative permeability functions on thermal 
recovery of heavy oil. 
Paper No. Year Title Authors Contribution 
AIChE J. 2- 94-100 1956 
Determination of Relative 
Permeability under Simulated 
Reservoir Conditions 
J. W. Wilson 
First to present the effect of temperature on 
refined oil-brine relative permeability. 
JCPT 65-04-09 1965 
Effect of Temperature on 
Waterflooding 
 
T. A. Edmondson  
 
This study presents the experimental results 
showing that ultimate oil recovery and 
consequently residual oil saturation and 
relative permeability ratio are effected by 
temperature 
SPE 2298 1969 
The Effect of Temperature on 
the Permeability Ratio of 
Different Fluid Pairs in Two 
Phase Systems 
L. B. Davidson 
This study describes an experimental 
investigation of permeability ratio 
temperature dependence, conducted to 
clarify some of the results obtained by 
previous workers.  
SPE 1897 
 
1970 
The effect of Temperature on 
Irreducible Water Saturation 
and Relative Permeability of 
Unconsolidated Sands 
 
S. W. Poston; S. 
Ysrael; A. K. M. S. 
Hossain; E. F. 
Montgomery III, H. 
J. Ramey, Jr. 
 
This paper demonstrates that the water-oil 
imbibition displacements in water wet 
unconsolidated sands become more 
efficient with increasing water wetness as 
the temperature level is increased. 
SPE 2517 1971 
Effect of Temperature Level 
upon Capillary Pressure 
Curves 
Ali A. Sinnokrot; 
H. J. Ramey, JR.; 
S. S. Marsden, JR. 
First to consider the effect of temperature 
level upon capillary pressure-saturation 
relationship for consolidated porous media 
SPE 4505 1973 
Effect of Temperature on 
Water-Oil Relative 
Permeabilities in Oil Wet and 
Water Wet Systems 
Hang Y. Lo and N. 
Mungan 
This paper presents that the effect of 
temperature on water-oil relative 
permeability curves are similar in both oil 
wet and water wet Systems. 
SPE 4142 1975 
The effect of Temperature on 
Relative and Absolute 
Permeability of Sandstones 
 
R. M. Weinbrandt; 
H. J. Ramey, Jr.;          
F. J. Casse,  
 
First to present the effect of temperature on 
absolute permeability, complete individual 
relative permeability curves, including the 
end-point saturations, for small samples of 
a consolidated rock under reservoir 
conditions of confining pressure. 
SPE 5877 1979 
The Effect of Temperature 
and Confining Pressure on 
Single Phase Flow in 
Consolidated Rocks 
Francis J. Casse, 
Franlab; Henry J. 
Ramey Jr. 
First to investigate the combined effect of 
temperature and confining pressure on 
absolute permeability. 
SPE 11071 1982 
Temperature Effects on 
Relative Permeabilities of Oil-
Water Systems 
Arshad H. Sufi; 
Henry J. Ramey Jr. 
and William E. 
Brigham 
 
This paper presents the experimental study 
dealing with the effect of temperature on 
relative permeabilities of oil-water systems 
to indicate that the curves are independent 
of temperature as are the end point 
saturations. 
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SPE 11217 1982 
Temperature-Dependent 
Relative Permeability and Its 
Effect on Oil Displacement by 
Thermal Methods 
K. Nakornnthap 
and Ronald D. 
Evans 
Analytical study of the effect of 
temperature on relative permeability in an 
oil/water system. 
SPE 12689 1984 
The Effect of Temperature 
and Interfacial Tension on 
Oil/Water Relative 
Permeabilities of 
Consolidated Sands 
S. J. Torabzadeh 
and L. L. Handy 
First to present the combined effect of 
interfacial tension and temperature on 
relative permeability curves. 
SPE 12116 1985 
Effect of Temperature Effects 
on Oil/Water Relative 
Permeabilities of 
Unconsolidated and 
Consolidated Sands 
Mark A. Miller; 
Henry J. Ramey Jr. 
 
First to demonstrate that fundamental flow 
properties are not affected by temperature 
for Unconsolidated and Consolidated sand 
cores. 
JCPT 85-02-01 
 
1985 
Effect of Relative 
Permeability on the numerical 
simulation of the Steam 
Stimulation Process. 
D. W. Bennion; R. 
G. Moore; F.B. 
Thomas  
 
This study proves the idea that simulation 
using preserved core relative permeabilities 
resulted in matching field performance 
much closer than simulation using extracted 
core relative permeabilities. The 
temperature effect on saturations end points 
was also included. 
SPE 14227 1985 
Steady-State Tar/Water 
Relative Permeabilities in 
Peace River Cores at Elevated 
Temperature 
P. J.   Closmann, 
M. H. Waxman, C. 
T. Deeds 
This study describes the flow behaviour of 
Peace River tar/brine at elevated 
temperature and highlights the possible 
reasons of wettability change in the system. 
SPE 12115 1985 
Effect of Temperature on 
Heavy Oil/Water Relative 
Permeabilities in Horizontally 
and Vertically Drilled Core 
Plugs 
B. B. Maini; J. P. 
Batycky 
First to investigate the difference in vertical 
and horizontal relative permeabilities and 
their dependence on the temperature. 
SPE 13670 1985 
Relative Permeability 
Functions for High and Low 
Tension Systems at Elevated 
Temperatures 
S. Kumar; S. J. 
Torabzadeh and L. 
L. Handy 
This paper presents empirical correlations 
based on the experimental data that relate 
water-oil residual saturations and relative 
permeabilities to temperature, interracial 
tension (IFT), and capillary number. 
JCPT 87-03-03 1987 
Effect of Temperature on 
Heavy Oil-Water relative 
Permeability of Sand 
Brij B. Maini and 
T. Okazawa 
Demonstrated that unsteady state technique 
for measuring relative permeability when 
employed in heavy oil systems is more 
susceptible to experimental artifacts 
compared to its use in light oil systems. 
SPE 17505 1988 
The Effect of Steep 
Temperature Gradient on 
Relative Permeability 
Measurements 
R. W. Watson and 
T. Ertekin 
First to investigate the effect of temperature 
gradient created by the injection of fluids 
with temperature either higher or lower than 
the in situ reservoir temperature. 
JCPT 89-01-09 1989 
Relative Permeability Curves 
for Bitumen and Water in Oil 
Sand Systems 
Marcel Polikar; V. 
R. Puttagunta; V. 
DeCastro; S. M. 
Farouq Ali 
This paper presents steady state relative 
permeability measurement for Athabasca 
bitumen and water in resaturated sand 
packs. 
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SPE 17424 1990 
High-Temperature Relative 
Permeabilities for Athabasca 
Oil sands 
M. Polikar, S. M. 
Farouq Ali and V. 
R. Puttagunta 
To determine the effect of temperature on 
water/bitumen relative permeability for 
Athabasca oil sands. 
SPE 28616 1994 
Low-Temperature Analogs of 
High-Temperature Water-Oil 
Relative Permeabilities 
Mridul Kumar and 
T. A. Inouye 
First to develop and evaluate a simpler low-
temperature analog of the high temperature 
relative permeability data. 
SPE 35462 1996 
Wettability Effects in Thermal 
Recovery Operations 
Dandina N. Rao 
This study presented a technique to prevent 
adverse Wettability shifts in thermal 
operations. 
SPE 54120 1999 
Effect of Temperature on 
Heavy Oil/Water Relative 
Permeabilities 
 
Serhat Akin, Louis 
M. Castanier and 
William E. 
Brigham 
This study proves the independence of 
relative permeability curves from 
temperature and the inaccuracy of JBN 
method for relative permeability 
determination due to viscous instability. 
SPE 93831 2006 
Interrelationship of 
Temperature and Wettability 
on the Relative Permeability 
of Heavy Oil in Diatomaceous 
Rocks 
J. M. Schembre; G. 
Q. Tang; A. R. 
Kovscek 
This paper re-examines the influence of 
temperature on rock/ fluid interactions and 
heavy-oil relative permeability of diatomite 
rock from a core-level experimental and a 
pore-level perspective. 
SPE 99763 2006 
Effect of Oil Viscosity on 
Heavy-Oil/Water Relative 
Permeability Curves 
 
J. Wang; M. Dong 
and K. Asghari 
This study presented the significance of 
change in viscosity due to temperature on 
relative permeability curves for heavy oil-
water systems. 
JPSE 59  27-42 2007 
Temperature Effects on the 
Heavy Oil/Water Relative 
Permeabilities of Carbonate 
Rocks 
Behnam Sedaee 
Sola; Fariborz 
Rashidi; Tayfun 
Babadagli 
First to study the effect of temperature on 
heavy oil in carbonate reservoirs (dolomite 
& limestone). 
JPSE 63  61-72 2008 
Relative Permeability as a 
Function of Temperature, 
Initial Water Saturation and 
Flooding Fluid Composition 
for Modified Oil-Wet Chalk 
 
A. A. Hamouda, O. 
Karoussi, E.A 
Chukwudeme 
This paper addresses the effect of brines, 
containing sulphate and magnesium (found 
in sea water) and distilled water as initial 
saturating and flooding fluids, on relative 
permeability of modified oil wet chalk 
cores. 
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AIChE J. 2- 94-100 (March 1956)  
 
Determination of Relative Permeability under Simulated Reservoir Conditions 
 
Authors: 
J. W. Wilson 
Contribution: 
First to present the effect of temperature on refined oil-brine relative permeability 
Objective: 
To determine the relative permeability for refined oil-brine system under simulated reservoir conditions and to determine the 
effect of temperature relative permeability 
Methodology: 
An apparatus for the steady state determination of relative permeability under simulated reservoir conditions has been 
designed, constructed, and operated successfully. Complete water-oil relative-permeability data, with kerosene and simulated 
reservoir brine have been taken on four natural-sandstone cores at fluid pressures to 5000 Psi and overburden pressures to 
10,000 Psi. One run was made at low pressure at a temperature of 160 
o
F for comparison with the results at low temperature. 
Conclusion: 
1. The application of overburden pressure reduced the effective permeabilities to oil and water to about the same extent as it 
did the single-phase permeability, and consequently the relative permeabilities were changed only moderately. 
2. No significant change on relative permeability was observed for temperature range of 90 to 160 oF. 
 
 Comments: 
The effect of increasing the temperature to 160°F on core A was to reduce the oil viscosity by 48% and the brine viscosity by 
50%, so that there was little change in viscosity ratio. 
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JCPT 65-04-09 (1965)  
 
Effect of Temperature on Waterflooding 
 
Authors: 
T. A. Edmondson  
Contribution: 
This study presents the experimental results showing that ultimate oil recovery and consequently residual oil saturation and 
relative permeability ratio are effected by temperature. 
Objective: 
The purpose of this experimental investigation is to look for changes in the residual oil saturation and relative permeability 
ratio as a result of temperature changes during waterflooding. 
Methodology: 
The laboratory displacement experiments were performed on Berea consolidated sandstone for temperature range of 75 to 500 
o
F using two refined oil; No.5 white oil and No.15 white oil. Two crude oils were used in water flooding at 75 
o
F, 150 
o
F, 300 
o
F. The relative permeability ratio data were calculated by Welge method. 
Conclusion: 
1. The residual oil saturation (Sor) decreases and consequently ultimate oil recovery increases with temperature.  
2. The water-oil relative permeability ratio (krw/kro) increases at low Sw and decreases at high Sw. 
3. Field waterflood recovery predictions require relative permeability ratio data at the actual flood temperature using 
reservoir fluids. Incorrect behaviour will be predicted if room temperature relative permeability ratios are extrapolated or 
if the displacement data are based on refined oils. 
Comments: 
For these experimental conditions, the effect of temperature on waterflooding performance is greater than that due solely to the 
reduction of the viscosity ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effect of Temperature-Dependent Relative Permeability Functions on Thermal Recovery of Heavy Oil             26 
M. S. Saeed (2010) 
SPE 2298 (1969)  
 
The Effect of Temperature on the Permeability Ratio of Different Fluid Pairs in Two Phase Systems 
 
Authors: 
L. B. Davidson 
Contribution: 
This study describes an experimental investigation of permeability ratio temperature dependence, conducted to clarify some of 
the results obtained by previous workers.  
Objective: 
To determine the effect of temperature on the permeability ratio of different fluid Pairs in two phase systems 
Methodology: 
The laboratory displacement experiments were performed on Tyler-grade Nevada sand for temperature range of 75 to 540 
o
F. 
Each experiment involved in isothermal displacement of white oil by either nitrogen, steam or distilled water and displacement 
of water by nitrogen. The relative permeability ratio data were calculated by Welge method. 
Conclusion: 
1. When Swi=0 the water-oil permeability ratio is insensitive to temperature above a minimum water saturation.  
2. Other studies have shown that krw/kro decreases with temperature at extremely high water saturation, probably as a result 
of reduction in Sor with temperature. 
3. Comparison of results of this study with the results of other workers, suggests that when the initial water saturation is zero 
(Swi=0), the water-oil relative permeability ratio (krw/kro) is insensitive to temperature within some range of water 
saturation values. Outside this range (at the extreme of ratio curves) the krw/kro temperature dependent, possibly due to 
change in interfacial properties. 
4. Nitrogen-oil permeability ratios appear to be temperature dependent as a consequence of molecular slippage and possibly 
of changes in interfacial properties. 
Comments: 
 Above some minimum water saturation, no dependence of water-oil relative permeability ratio on temperature is 
detectable. For smaller water saturation the changes in permeability ratios are probably caused by variations in capillary 
forces and wettability with temperature. 
 The first quantities of oil produced during the experiment contained no dissolved water at all since the sand pack had Swi = 
0. As the experiment progressed, the produced oil contains more and more dissolved water at high temperature. When the 
oil becomes more saturated with injected water the oil viscosity decreased. Thus the observed dependence during the early 
part of an experiment could be partly due to high viscosity ratio. 
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SPE 1897 (1967) 
 
The effect of Temperature on Irreducible Water Saturation and Relative Permeability of Unconsolidated Sands 
 
Authors: 
S. W. Poston; S. Ysrael; A. K. M. S. Hossain; E. F. Montgomery III;  H. J. Ramey, Jr. 
Contribution: 
This paper demonstrates that the water-oil imbibition displacements in water wet unconsolidated sands become more efficient 
with increasing water wetness as the temperature level is increased. 
Objective: 
The objective of this paper is to investigate the effect of temperature on irreducible water saturation and relative permeability 
of unconsolidated sands. 
Methodology: 
The unsteady state, or dynamic displacement method described by Welge and extended by Johnson et al., was used. Two 
unconsolidated sands, natural oil sand and clean quartz sand were used. Porosity=37% and K=1.5 D. Three oils were used 
having viscosities at room temperature of 80, 99 and 600 cp. Temperature level varied from 70
 o
F to 275 
o
F. 
Conclusions: 
1. The irreducible water saturation increased with increasing temperature. This lead to the theory that capillary pressure-
saturation curves may be temperature sensitive. 
2. The practical residual oil saturation (Sor at 100 to 1 WC) decreased with increasing temperature. The high viscosity oil 
shows greater reduction. Results suggest that the true Sor behaves similarly but this point was not firmly established. 
3. The relative permeability to both oil and water generally increase with increasing temperature. The remarkable decrease in 
oil and water viscosities with increasing temperature result in a large increase in the total flow capacity of the system. 
4. The relative permeability ratio (Krw/Kro) appears temperature sensitive but there was no definite trend observed. 
5. Using the three refined oils employed during the displacement tests, it was found that a glass surface becomes more water 
wet with temperature increase. This effect was indicated by a decrease in contact angle for the water-oil-glass system with 
increasing temperature. 
6. The interfacial tension generally decreased with increasing temperature. 
7. The adhesion tension between both oil and water and a glass surface decreased with temperature increase. This would lead 
to the expectation that both water and oil relative permeabilities would increase with a temperature increase for similar 
systems, this effect would be due to a decrease in capillary forces. 
Comments: 
 The conclusion about IFT, contact angle and adhesive tension are limited to the system and temperature ranges studied as 
it is known that the trends in contact angle with temperature for some organic substances sometime shows reverse 
behaviour. 
 The level of irreducible water saturation is lower for clean sand. 
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SPE 2517 (1971)  
 
Effect of Temperature Level upon Capillary Pressure Curves 
 
Authors: 
Ali A. Sinnokrot; H. J. Ramey, JR.; S. S. Marsden, JR. 
Contribution: 
First to consider the effect of temperature level upon capillary pressure-saturation relationship for consolidated porous media 
Objective: 
The objective of this study is to investigate the speculation of Poston et al. that the capillary pressure-saturation curve is 
temperature dependent. 
Methodology: 
Equipment was constructed to permit measuring capillary pressures for simple systems at temperatures ranging from room 
temperature to about 350°F. Drainage and imbibition capillary pressure curves were measured for three consolidated 
sandstones and one limestone sample, at either three or four temperature levels from 70° to 325°F. Fluids used were filtered 
white oil and distilled water. 
Conclusion: 
1. Capillary pressure curves for the limestone sample indicated negligible temperature level sensitivity. 
2. Capillary pressure curves for the three sandstone samples were strongly temperature-level sensitive. This appears to verify 
the Poston et al. speculation. Both drainage and imbibition capillary pressure curves for sandstones were shifted toward 
higher wetting phase saturations with an increase in temperature level indicating an increase in water wetness with 
temperature level increase. 
3. The practical irreducible water saturation increased markedly with temperature-level increase for sandstone samples. 
4. There was an indication that the residual oil saturation decreased with temperature increase for the sandstone samples, 
although negative capillary pressures were not run to prove this apparent trend. 
5. The hysteresis between drainage and imbibitions capillary pressure curves gradually decreased with temperature-level 
increase and was virtually absent at 300°F for the saturation ranges covered by the experiments. 
6. The effects of temperature level upon the capillary pressure-saturation relationships for sandstone samples appeared to be 
reversible and reproducible. 
7. Calculation of drainage relative permeabilities from experimental capillary pressure data indicate a significant increase in 
relative permeability to the non-wetting phase, and a lesser magnitude decrease in the relative permeability to the wetting 
phase with temperature increase for the sandstone samples. 
Comments: 
 One possible reason for the reduction in hysteresis with increasing temperature is that if an increase in temperature leads 
to an increase in water wetness, it would be expected that there would be a redistribution of the water and oil in a core 
with water imbibing into tight pores and displacing oil into the larger pores. This should certainly lead to less trap 
hysteresis upon further imbibition. 
 The capillary pressure- saturation experiments performed by several investigators indicated that, while the shape of the 
capillary pressure curves was affected by the interracial tension at high wetting-phase saturations, the effect was absent at 
low wetting-phase saturations. This would tend to indicate that the effect of temperature upon interracial tension was not 
likely an important factor in this study. 
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Effect of Temperature on Water-Oil Relative Permeabilities in Oil Wet and Water Wet Systems 
 
Authors: 
Hang Y. Lo and N. Mungan 
Contribution: 
This paper presents that the effect of temperature on water-oil relative permeability curves are similar in both oil wet and water 
wet Systems. 
Objective: 
To isolate and examine some of the factors that are dependent on temperature and are believed to influence the flow and 
distribution of fluids in porous media. 
Methodology: 
An apparatus has been constructed for laboratory measurements of water-oil relative permeabilities by the steady-state 
technique at elevated temperatures. Experiments were conducted on consolidated porous Teflon (oil wet) and Berea sandstone 
(water wet) cores with three oils; Kaydol, Protol and Tetradecane having viscosities at room temperature of 130, 8 and 2 cp, 
respectively.  
Conclusion: 
1. The effect of temperature on relative permeability curves was found to be similar in the oil-wet and water-wet systems. 
2. Changes in the viscosity ratio with temperature affect relative permeability curves. Greater effects were found in the 
systems with more viscous oils. 
3. Increase in temperature causes (a) decrease in residual oil saturation (b) increase in initial water saturation and increase in 
relative permeability to oil. 
Comments: 
Under these experimental conditions, no significant changes were observed in the IFT and contact angle for both oil-wet & 
water-wet systems and change in kro were believed mainly because of viscosity change with temperature. 
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The effect of Temperature on Relative and Absolute Permeability of Sandstones 
 
Authors: 
R. M. Weinbrandt; H. J. Ramey, Jr.; F. J. Casse 
Contribution: 
First to present the effect of temperature on absolute permeability, complete individual relative permeability curves, including 
the end-point saturations, for small samples of a consolidated rock under reservoir conditions of confining pressure. 
Objective: 
The objective of this paper is to investigate the effect of temperature on relative and absolute permeabilities of sandstone. 
Methodology: 
An especially designed equipment was used to perform constant rate, imbibition, dynamic displacement experiments on small, 
consolidated rock samples at elevated temperature under confining pressure. Fluids used were distilled water and white oil. 
Experimental data were used to compute the relative permeabilities by the methods of Welge and Johnson et al.  
Conclusions: 
In response to an increase in temperature; 
1. The irreducible water saturation increases and the residual oil saturation decreases. 
2. The relative permeability to water decreases for water saturations below the room temperature residual oil saturation but 
relative permeability to water at flood-out increases. The relative permeability to oil increases. However, the shapes of the 
curves are not significantly changed. 
3. The relative permeability ratio (Krw/Kro) decreases. 
4. Absolute permeability decreases. The temperature effect is reversible between 75oF to 315 oF. 
5. Thermally induced mechanical stresses, rather than interfacial rock-fluid forces, may be the source of observed changes in 
absolute and relative permeabilities. 
Comments: 
 A hypothesis has been presented that the decrease in absolute permeability is caused by Thermo-Mechanical stress 
induced within the core by expansion of the rock grains at elevated temperature. As result of this thermal expansion, the 
tight pore openings are sealed, thus decreasing the absolute permeability.   
 In this study, the effect of temperature on rock-fluid (wettability) and fluid-fluid interaction (oil-water IFT) are not 
significant for the selected temperature range (80 
o
F to 175 
o
F). 
 The ultimate recovery and the breakthrough recovery are insensitive to the rate change. 
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SPE 5877 (1979)  
 
The Effect of Temperature and Confining Pressure on Single Phase Flow in Consolidated Rocks 
 
Authors: 
Francis J. Casse; Henry J. Ramey Jr. 
Contribution: 
First to investigate the combined effect of temperature and confining pressure on absolute permeability 
Objective: 
To present the effect of temperature level, fluid type, velocity and confining pressure on single phase flow in sandstone cores. 
Methodology: 
Single phase flow measurements through consolidated rocks under conditions of elevated temperature and overburden 
pressure 
Conclusion: 
1. Temperature effect on permeability depends on the nature of the saturating fluid. In case of water-saturated cores, 
permeability decreased with increasing the temperature for all sandstone samples. For oil and gas saturated cores, change 
in permeability with temperature was insignificant. 
2. Regardless the nature of saturating fluid, the level of confining pressure affected permeability in the same manner--- 
permeability decreased with increasing confining pressure. For the thermally sensitive, water-saturated cores, increasing 
the pressure had the additional effect of intensifying the temperature effect. 
3. Temperature effect was caused neither by changes in the physical properties of the fluids nor by thermally induced 
mechanical stresses acting alone, since no significant changes was found for oil or gas flow. Instead, the unique results 
obtained for water flow suggest that a combination of rock/fluid interaction and thermal and mechanical stresses were 
responsible for the permeability reduction observed with the dominant factor being the fluid/solid surface effect. 
Comments: 
The apparent absolute permeability reduction for distilled water in the fired Berea sandstone with increasing temperature is 
significant and resulted from clay-particle migration damage. 
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Temperature Effects on Relative Permeabilities of Oil-Water Systems 
 
Authors: 
Arshad H. Sufi; Henry J. Ramey Jr. and William E. Brigham 
Contribution: 
This paper presents the experimental study dealing with the effect of temperature on relative permeabilities of oil-water 
systems to indicate that the curves are independent of temperature as are the end point saturations. 
Objective: 
To determine the effects of temperature on relative permeabilities for oil-water system and to provide explanations or any 
observed effects. 
Methodology: 
The method used for analyzing the data and calculating the relative permeabilities curves is based on the interpretation by 
Jones and Roszelle of the method proposed by Johnson, Bossler and Naumann. The experiment has been performed by using 
by an apparatus having Ruska constant rate positive displacement pump. 
Conclusion: 
1. The real Sor is independent of temperature. “Practical” Sor however, decreases with an increase in temperature due to a 
reduction in the viscosity ratio. 
2. An increase in Swi occurs with an increase in temperature. This is due to decrease in viscous force provided by the oil 
which is caused by the reduction in its viscosity with temperature. 
3. Relative permeabilities show no temperature dependence from 70 oF to 186 oF.  
4. Fingering may present a problem in calculating true relative permeability curves for viscous oils. In addition, holdup of oil 
in the tubing downstream of the core can cause errors in the determination of true breakthrough recovery. 
5. A stability criterion, similar to that of Rapoport and Leas, can be determined by comparing of relative permeability curves 
measured at different flow rates.  
The minimum rate required for stable flood correspond to the rate above which the relative permeability curves 
becomes rate independent. 
Comments: 
The results of this experiment are valid for Flow of refined oil and distilled water through clean unconsolidated Ottawa sand. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effect of Temperature-Dependent Relative Permeability Functions on Thermal Recovery of Heavy Oil             33 
M. S. Saeed (2010) 
SPE 11217 (1982) 
 
Temperature-Dependent Relative Permeability and Its Effect on Oil Displacement by Thermal Methods 
 
Authors: 
K. Nakornnthap and Ronald D. Evans 
Contribution: 
Analytical study of the effect of temperature on relative permeability in an oil/water system 
Objective: 
To develop analytical equations for temperature-dependent relative permeability in terms of water saturation, irreducible water 
saturation and differential change in irreducible water saturation with temperature. 
Methodology: 
A mathematical model is formulated to describe the change in relative permeability. The analytical derivations together with 
previous findings on an increase in irreducible water saturation with increasing temperature will be used to show that relative 
permeability to both oil and water varies functionally with temperature. Wyllie and Gardner approach is used to derive relative 
permeability equations. 
Conclusion: 
1. Relative permeability can be expressed analytically in terms of water saturation and irreducible water saturation. 
2. From the analytical scheme, relative permeability can be related to temperature if the irreducible water saturation has been 
found to increase with temperature. 
3. Relative permeability to oil increases and relative permeability to water decreases with temperature. 
4. The use of relative permeability data at higher temperature results in the fractional flow curve producing higher average 
saturation at breakthrough, which indicates improved displacement efficiency and leads to higher calculated recovery. 
5. The use of room-temperature relative permeability data in oil recovery calculations for thermal processes may lead to 
pessimistic results. 
Comments: 
The analytical relative permeability relationships are good approximations only for clean sedimentary rocks with limited 
cementation. 
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The Effect of Temperature and Interfacial Tension on Oil/Water Relative Permeabilities of Consolidated Sands 
 
Authors: 
S. J. Torabzadeh and L. L. Handy 
Contribution: 
First to present the combined effect of interfacial tension and temperature on relative permeability curves 
Objective: 
To determine the effect of temperature and interfacial tension on relative permeability curves of consolidated sands. 
Methodology: 
Both Steady state and Un-steady state experiments were performed on fired samples of Berea sandstone for temperature range 
of 70 to 350 
o
F. For high IFT system, n-Dodecane and 10g/kg NaCl Brine are used. However, for low IFT system, 2g/kg 
surfactant (Petrostep 465) & 10g/kg NaCl Brine mixture is used to reduce the interfacial tension between oil and water. All 
experiments were conducted at 300 psig fluid pressure and 650 psig overburden pressure. 
Conclusion: 
1. For High Oil-Water Interfacial Tension (IFT > 20 dynes/cm): 
a. Irreducible water Saturation (Swirr) increases due to increase in water wetness of the sandstone with increasing the 
temperature. 
b. Residual oil saturation (Sor) decreases with increasing the temperature. 
c. The relative permeability to oil (Kro) increases and relative permeability to water (Krw) decreases with increasing the 
temperature. The crossover point (Kro= Krw) of the relative permeability curves shifted towards high water 
saturation with increasing temperature, indicating an increase in water wetness of the rock. 
2. For Low Oil-Water Interfacial Tension (0.01< IFT > 0.19 dynes/cm): 
a. Swirr doesn’t change significantly with temperature but they were lower than those for high tension systems at all the 
temperatures. This suggests that increase in temperature and decrease in IFT, have opposite effects on Swirr. 
Increasing temperature increases Swirr but lowering of IFT decreases Swirr. Therefore, it is speculated that the Swirr in 
low IFT systems at elevated temperature is controlled by the IFT level and wettability changes due to temperature. 
b. Sor decreases with increasing temperature and the reduction was much greater than high IFT system. This is mainly 
because of reduction in IFT with increase in temperature. Increasing temperature and decreasing IFT both favour 
reduction of Sor. 
c. Relative permeability to both phases, at a given water saturation, increases with increasing the temperature. 
However at temperature > 210 
o
F Kro still increases while Krw decreases due to possible alteration of wettability. 
Increase in water wetness opposes the effect of reduced IFT on Krw. 
3. At a certain temperature, both Kro and Krw increase with decreasing the IFT at a given water saturation. 
4. Hysteresis effect between drainage and imbibitions relative permeability curves decreases with increasing the temperature 
and decreasing the interfacial tension. This effect disappeared at elevated temperature and at ultra low interfacial tension. 
Comments: 
 Chemical such as surfactant (Petrostep 465) have been used with injection fluid (10g/kg NaCl Brine) to increase the 
recovery efficiency of immiscible displacement through reduction of interfacial tension between oil and water. 
 In the concurrent injection of chemicals with steam, chemicals are believed to move in the hot water zone produced by 
condensation of steam and to reduce the interfacial tension between two phases. 
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Effect of Temperature Effects on Oil/Water Relative Permeabilities of Unconsolidated and Consolidated Sands 
 
Authors: 
Mark A. Miller; Henry J. Ramey Jr. 
Contribution: 
First to demonstrate that fundamental flow properties are not affected by temperature for Unconsolidated and Consolidated 
sand cores. 
Objective: 
The objective of this study is to attempt to minimize both measurement difficulties and laboratory-scale phenomena to 
determine whether temperature effects on relative permeabilities exist. 
Methodology: 
Laboratory dynamic displacement relative permeabilities measurements were made on unconsolidated and consolidated sand 
cores with a water and refined white oil. Experiments were run on 2-in diameter; 20-in long cores form room temperature to 
300 
o
F.  
Conclusion: 
1. Distilled water/white oil relative permeabilities and residual saturations in pure unconsolidated quartz sands are unaffected 
by temperature up to 300 
o
F. 
2. End point relative permeabilities and saturations in Berea cores are unaffected by temperature up to 200 oF. 
3. A temperature effect was noted on oil relative permeability at irreducible water saturation. This effect, however, was 
believed to be related to fluid redistributions. This parameter is of minor importance in predicting two phase flow 
behaviour. 
4. Previous results for unconsolidated sands are believed to have been affected by viscous instabilities, end effects and 
material balance measurement difficulties. Because there is no way to evaluate such problems in others’ research, 
however, this conclusion is highly speculative 
Comments: 
This study does not prove that the temperature effects do not exist with real reservoir fluids and rocks; it does imply that such 
effects are probably not related to fundamental flow properties. 
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Effect of Relative Permeability on the numerical simulation of the Steam Stimulation Process 
Authors: 
D. W. Bennion and R. G. Moore and F.B. Thomas 
Contribution: 
This study proves the idea that simulation using preserved core relative permeabilities resulted in matching field performance 
much closer than simulation using extracted core relative permeabilities. The temperature effect on saturations end points was 
also included. 
Objective: 
1. To observe the effects of temperature on initial water saturations and residual oil saturations. 
2. To demonstrate that the room temperature relative permeability curves measured on extracted core samples need to be 
adjusted to match actual field performance. 
Methodology: 
A preserved core was mounted, stressed back to reservoir conditions and saturated with live reservoir oil, then water floods 
and oilfloods were run at reservoir and elevated temperature. 
Two single-cycle numerical simulations were run. One utilized relative permeability curves derived from a room temperature 
waterflood on an extracted core which was saturated with mineral oil. The other simulation used the relative permeability 
curves from the preserved core, which was run with overburden pressure and live crude oil. Both sets of simulations used 
temperature functional relationships for the residual oil saturations and connate water saturations. 
Conclusion: 
1. Permeability tests using preserved core, overburden pressure and live reservoir oil, give relative permeability curves with 
hysteresis in both oil and water relative permeability curves. 
2. Relative permeability to water using a preserved core and reservoir fluids is much lower at a given saturation than those 
obtained using extracted cores and a mineral oil. 
3. Relative permeability from preserved core when used in a numerical simulator gave a relatively close match to the shape 
of an actual field water cut curve. 
Comments: 
 In thermal processes, the reservoir matrix and fluids undergo temperature changes. These temperature changes reduce the 
viscosity of oil, cause rock-fluid interaction to occur and increases stress within the rock matrix. 
 The simulation results showed that the preserved core relative permeabilities curves resulted in reduced water injectivity 
and productivity as compared to results from extracted core. 
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Steady-State Tar/Water Relative Permeabilities in Peace River Cores at Elevated Temperature 
 
Authors: 
P. J. Closmann, M. H. Waxman and C.T. Deeds 
Contribution: 
This study describes the flow behaviour of Peace River tar/brine at elevated temperature and highlights the possible reasons of 
wettability change in the system. 
Objective: 
To determine the Tar/Water Relative Permeabilities in Peace River Cores at Elevated Temperature and compare it with 
Leverett permeability curve for unconsolidated sands. 
Methodology: 
Steady state experiments were performed on Peace River sand at elevated temperature of 385 
o
F. Three types of tar were used 
in these experiments: unaltered tar, thermally altered tar, and deasphalted tar. The brine used in the experiments was a solution 
of 2.5 wt% sodium chloride, which approximates the field brine. 
Conclusion: 
1. The relative permeability curve to thermally unaltered tar is shifted toward the region of low water saturation at 385 oF.  
2. Relative permeability to water under these conditions is concurrently shifted to lower water saturations, with resultant 
significant increases in the flow capacity of the system to the aqueous phase at these saturations, although there is some 
experimental uncertainty in this curve. 
Comments: 
 The relative permeability for thermally altered tar is closer to the Leverett oil permeability curve for water-wet 
unconsolidated sands. Oil permeability values for deasphalted tar lie at saturations intermediate between those of the 
thermally altered and unaltered tar. 
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Effect of Temperature on Heavy Oil/Water Relative Permeabilities in Horizontally and Vertically Drilled Core Plugs 
 
Authors: 
B. B. Maini and J. P. Batycky 
Contribution: 
First to investigate the difference in vertical and horizontal relative permeabilities and their dependence on the temperature 
Objective: 
The objective of this study is to measure and to compare the temperature dependence of oil/water relative permeabilities in 
horizontal as well as vertical directions using preserved core material under simulated downhole conditions of confinement 
pressure, pore pressure and temperature. 
Methodology: 
Oil/water displacement tests were conducted in preserved core material at reservoir pressure and at various temperatures 
ranging from room temperature to 522 
o
F to evaluate the effect of temperature on relative permeabilities. Both horizontally and 
vertically drilled plugs were tested to determine the influence of flow direction on relative permeabilities and on their 
temperature dependence. Relative permeability curves were obtained from displacement data by using the history matching 
technique. 
Conclusion: 
1. Irreducible water saturation (Swirr) increased with increasing temperature. 
2. Residual oil saturation (Sor) decreased for temperature up to 212
o
F and then increases with further increase in temperature. 
3. Kro declined with increasing temperature. This declined resulted primarily from increased irreducible water saturation. 
4. Krw was not found a strong function of temperature. 
5. Kro in vertically drilled cores was found to be lower that Kro in horizontally drilled cores, while Krw appeared to be similar 
in horizontal and vertical directions. 
Comments: 
Thermal expansion of oil during heating was taken into account in the experiment. 
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Relative Permeability Functions for High and Low Tension Systems at Elevated Temperatures 
 
Authors: 
S. Kumar; S. J. Torabzadeh and L. L. Handy 
Contribution: 
This paper presents empirical correlations based on the experimental data that relate water-oil residual saturations and relative 
permeabilities to temperature, interracial tension (IFT), and capillary number. 
Objective: 
To determine the relative permeability functions for high and low tension systems at elevated temperatures. 
Methodology: 
A new mathematical model has been proposed for relating residual saturation to capillary number. A modified capillary 
number is defined that better represents the low-tension, high temperature systems. End point relative permeabilities have been 
related to residual oil/water saturations and the mobile water saturation range. The predicted values of residual saturations and 
relative permeabilities by these correlations are in good agreement with experimental data. 
Conclusion: 
1. The end point relative permeabilities are related to the irreducible water and residual oil saturations and are correlateable 
with these quite satisfactory. 
2. Conventional mathematical models are unable to yield any meaningful fit for residual saturation data for systems at high 
temperatures and low interfacial tensions. 
3. The shape of the relative permeability curves is governed by the opposing simultaneous effects of temperature and 
interfacial tension. 
4. With increasing the temperature, Sor decreases and Swirr increases and then decreases in the low tension region. 
5. The Kro increases with increasing the temperature and decreasing the interfacial tension. Increasing temperature and 
decreasing IFT have opposite effects on Krw. 
Comments: 
Two alternative approaches are presented for relating Sor to IFT reduction and temperature increase. The first neglects the 
viscous forces, which for many systems are low relative to IFT at low reservoir flow rates and correlate the residual saturations 
as a function of interfacial tension and temperature. The second approach involves the use of capillary number as the 
correlating parameter. 
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Effect of Temperature on Heavy Oil-Water relative Permeability of Sand 
 
Authors: 
Brij B. Maini and T. Okazawa 
Contribution: 
Demonstrated that unsteady state technique for measuring relative permeability when employed in heavy oil systems is more 
susceptible to experimental artifacts compared to its use in light oil systems. 
Objective: 
The objective of this study was to critically examine the use of unsteady state technique for measuring relative permeability in 
heavy oil systems and to experimentally determine the effect of temperature on relative permeability curve for a clean silica 
sand/heavy crude oil/deionized water system. 
Methodology: 
Unsteady state measurements were carried out in a 45 cm long, 5.6 cm diameter sand core at temperature ranging from room 
temperature to 200 
o
C using heavy crude oil and deionized water. 
Conclusion: 
1. Displacement tests in the Ottawa sand-Bodo oil- distilled water system showed that even in clean sand water permeability 
can change significantly with temperature. 
2. The end-point water permeability as well as the effective water permeability at intermediate saturations increased with 
increasing temperature. 
3. The end-point oil permeability was found to be independent of temperature. 
4. No conclusions can be drawn about the effect of temperature on the shape of relative permeability curves due to presence 
of several artifacts in the measurements. 
5. In situation where flow instabilities can be avoided, the test should be conducted at rates similar to the field conditions. 
The limitations of such measurements as to their uniqueness should be understood before using them in reservoir 
engineering calculations. 
Comments: 
Capillary pressure was neglected in calculating relative permeabilities. The capillary pressure effects are usually not 
significant due to relatively high pressure drop in heavy oil displacements. 
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The Effect of Steep Temperature Gradient on Relative Permeability Measurements 
 
Authors: 
R. W. Watson and T. Ertekin 
Contribution: 
First to investigate the effect of temperature gradient created by the injection of fluids with temperature either higher or lower 
than the in situ reservoir temperature 
Objective: 
The objective of this study is to consider the effect of steep temperature gradient upon relative permeability. 
Methodology: 
A series imbibition cycle relative permeability measurements were conducted on Berea sandstone for inlet temperature ranging 
from room to 300 
o
F. Soltrol170 and CaCl2 brine were simultaneously injected through the core at the total flow rate of 200 
mL/hr and using Darcy’s law, effective permeability to each phase was determined. The irreducible water saturation was 
determined by using the material balance method. 
Conclusion: 
1. The irreducible water saturation tends to increase and residual oil saturation tends to decrease with increasing injection 
temperature. 
2. The absolute permeability of fired Berea sandstone appears to be unaffected by temperature over the temperature range 
studied. 
3. The difference in the temperature gradient resulted in the variation in both the Swirr and Sor. The variation suggests that the 
fired cores become increasingly water-wet during drainage and imbibitions and the unfired cores become increasingly oil-
wet during drainage and water wet during imbibitions. 
4. Both the oil and water relative permeabilities decrease with increase in temperature which is due to the formation of third 
phase i.e. water-oil emulsion at high temperatures. 
Comments: 
 This study suggests that differences in experimental conditions may account for different conclusions concerning the 
effect of temperature upon Sor and Swirr.  
 The conclusions of previous researches with respect to temperature effect upon relative permeability can be questioned if 
in situ emulsion formation occurred. 
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Relative Permeability Curves for Bitumen and Water in Oil Sand Systems 
Authors: 
Marcel Polikar; V. R. Puttagunta; V. DeCastro and S. M. Farouq Ali 
Contribution: 
This paper presents steady state relative permeability measurement for Athabasca bitumen and water in resaturated sand packs. 
Objective: 
The purpose of this study was to determine the two phase (oil-water) relative permeability-saturation behaviour for bitumen-
containing unconsolidated water wet sands. 
Methodology: 
Steady state measurements were conducted for the bitumen-hot-water-clean unconsolidated sad system at 125 
o
C. Additional 
measurements made at 175 
o
C did not show any significant temperature dependence. The shape of the resulting relative 
permeability curves was examined in terms of the displacement process taking place. The measured relative permeability data 
were also compared to the data available in the literature. 
Conclusion: 
1. The resulting bitumen curves exhibited an unconventional behaviour. The steady state measurements yielded concave 
water and convex bitumen relative permeability curves. This may be a reflection of the recovery mechanism of heavy oils 
by hot water injection. 
2. These experiments confirmed earlier results in that relative permeability functions for the bitumen-water system are 
invariant with temperature in clean unconsolidated sands. 
Comments: 
 In dealing with heavy oils, the steady state methods, although time consuming, can provide the desired data. 
 The relative permeability curves may have various shapes depending on the dominant mechanisms controlling the 
multiphase low through porous media. The exact shapes of the relative permeability curves not only depend on the porous 
medium and the fluids involved but also on physical and chemical interaction that may result from their association. 
Relative permeability depends on the fluid saturation and its distribution. Moreover, parameters like wettability, pore 
geometry, viscosity, flow rate and temperature have been found to have a significant effect. 
 It appears that the viscosity ratio may influence the shape of the relative permeability curve in an oil-water unconsolidated 
sand system. In case of heavy oil (large viscosity ratio), oil is recovered rapidly in the initial stages of a hot water flood, 
with further production tapering off rapidly. Convex oil relative permeability curves would present such recovery 
behaviour. 
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High-Temperature Relative Permeabilities for Athabasca Oil sands 
 
Authors: 
M. Polikar; S. M. Farouq Ali and V. R. Puttagunta 
Contribution: 
To determine the effect of temperature on water/bitumen relative permeability for Athabasca oil sands. 
Objective: 
The purpose of this study was to examine the effect of temperature on two phase oil/water relative permeability relations to 
broaden the relative permeability data base for Alberta heavy oils and oil sands. 
Methodology: 
Both Steady and Unsteady measurements were carried out on Athabasca sands samples for temperature ranges from 212 to 
482 
o
F. 
Conclusion: 
1. No significant temperature effects were found for the Athabasca bitumen/water system in clean or reservoir sands because 
of lack of reactivity of the fluid/rock combinations. 
2. Despite different displacement processes, there was little difference between measured steady and unsteady state relative 
permeability curves which indicated that the level of displacement stability was similar in both cases. The relative 
permeabilities calculated in coreflood experiment involving heavy oils may not be applicable to other systems because the 
other systems may be dominated by viscous fingering. 
 Comments: 
 It appeared that the viscosity ratio influences the shape of the steady state relative permeability cute in unconsolidated 
sand. For high viscosity ratios, kro shape becomes convex at low water saturation. This leads to rapid bitumen recovery in 
the initial stage of hot water flood. The shape of krw does not change i.e. remain concave. 
 Addition of sodium ion in water (brine) caused slight improvement displacement efficiency. Brine was used to ensure the 
stability of water film in oil sands.  
 This study reported no temperature effect in clean sands with refined and crude oils or when the viscosity ratio was 
temperature independent. 
 Possible alteration in cores could be of geochemical (clay/brine interactions) and/or mechanical nature (plugging from 
clay movement). 
 In heavy oil systems, the steady state relative permeability cures are not affected by instability (due to viscous fingering) 
and may be considered the true curves for the system. 
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Low-Temperature Analogs of High-Temperature Water-Oil Relative Permeabilities 
 
Authors: 
Mridul Kumar and T. A. Inouye 
Contribution: 
First to develop and evaluate a simpler low-temperature analog of the high temperature relative permeability data 
Objective: 
1. To develop and evaluate a simpler, cost-effective, low temperature analog of the high temperature water-oil relative 
permeabilities using crude oil. 
2. To quantify the effect of viscosity ratio on end-point saturations and relative permeabilities. 
3. To explain temperature dependencies of relative permeabilities data reported in the literature. 
Methodology: 
Dynamic displacement experiments were conducted for temperature ranging from 75
o
F to 320
o
F on unconsolidated Berea 
sandstone samples using various viscosity oils and brine.  
Conclusion: 
1. A low-temperature light oil analogue showed similar relative permeability curves as a high-temperature heavy crude oil 
when the viscosity ratio and wettability for the two systems were similar. 
2. Residual oil saturation, Sor is independent of temperature and is a function of viscosity ratio. Measured values of Sor were 
similar for a low temperature (100
o
F) white oil, ambient temperature (75
o
F) light oil analog and high temperature (300
o
F) 
heavy crude oil when the three had similar oil/brine viscosity ratios. 
3. Irreducible water saturation, Swirr saturation, is also independent of temperature and is a function of viscosity ratio. 
4. For moderate to strong water wet systems, the viscosity ratio dominates over any effect of wettability changes with 
temperature for end point saturation measurements. However, the viscosity ratio alone is not sufficient for relative 
permeabilities. 
Comments: 
This study suggests that the primary reasons for the difference in observed temperature effects are attributed to or have been 
speculated to be measurement errors and changes in wettability and viscosity ratio with temperature. 
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Wettability Effects in Thermal Recovery Operations 
 
Authors: 
Dandina N. Rao 
Contribution: 
This study presented a technique to prevent adverse Wettability shifts in thermal operations.  
Objective: 
To shed more on the controversy surrounding the effect of temperature on wettability by bringing together the various school 
of thought on this subject under a simple mechanistic explanation involving an inter-relationship between the spreading 
behaviour in S-L-L systems and the L-L interfacial tension and thin wetting film stability considerations. 
Methodology: 
This study extends the Zisman-type correlation between contact angle and surface tension in solid-liquid-vapour (S-L-V) 
systems to the S-L-L systems to identify crucial Wettability changes that occur during secondary and tertiary processes, 
through simple laboratory experiments. 
Conclusion: 
1. Temperature effects on Wettability interpreted from oil and water relative permeability measurements appear to be based 
mainly on end-point saturation changes. However, effect of temperature on oil-water viscosity ratio has also been shown, 
in the literature, to result in similar end-point saturation change. 
2. Contact angle studies seem to project a consensus that a quartz surface tends to become more oil-wet whereas a calcite 
surface tends to become more water-wet as the temperature of the oil/brine/solid system is raised. 
3. It appears that the temperature dependency of wettability is governed by several factors including; 
a. Decrease in wetting water film thickness as temperature increases. 
b. The influence of brine composition and pH on wetting film stability 
c. The Effect of temperature on electrokinetic properties of hydrocarbon-water and solid water interfaces. 
 Comments: 
 The technique involves in-situ deposition of small quantities of calcium carbonate (scale) particles near the wellbore 
region to maintain a strongly water wet region of high relative permeability to oil.  
 It is expected that the three phase (solid-oil-brine) interactions at increasing temperatures would depend strongly on the 
stability of the thin wetting film of water on the solid surface. This thinning of the wetting water film is attributed to the 
breaking of hydrogen bonds as temperature increases. These findings of Derjaguin et al certainly indicate a definite 
direction of wettability shift up on temperature increase – that is a shift towards an oil-wet tendency. 
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Effect of Temperature on Heavy Oil/Water Relative Permeabilities 
 
Authors: 
Serhat Akin; Louis M. Castanier and William E. Brigham 
Contribution: 
This study proves the independence of relative permeability curves from temperature and the inaccuracy of JBN method for 
relative permeability determination due to viscous instability. 
Objective: 
This study aims to determine the effect of temperature on relative permeability curves for a reservoir sand/ heavy-oil/ brine 
system and to examine the use of unsteady-state relative permeability estimation techniques in such systems. 
Methodology: 
In this technique, an ambient temperature unsteady-state relative permeability run is conducted in the first stage, and following 
that the temperature is increased twice (i.e. 122°F and 150°F). Two phase saturation profiles along the sand pack are measured 
using a CT scanner. A commercial black oil simulator, coupled with a global optimization code is then used to estimate two 
phase relative permeabilities. Experimental saturation profiles, differential pressure and recovery data collected from both the 
ambient and higher temperature data are used in the numerical model. 
Conclusion: 
1. Based on hypothetical heavy-oil/water numerical simulations it was observed that the use of the JBN technique for the 
estimation of heavy-oil/water relative permeabilities leads to erroneous results and a false temperature effect. 
2. A new experimental technique is presented to tackle the problem of the effect of temperature on oil/water relative 
permeability. It was found that temperature does not have any effect on the relative permeabilities for the systems and 
temperatures used in this study. 
 Comments: 
These findings show that previously observed apparent temperature dependence of endpoint saturations and relative 
permeabilities is basically caused by a decrease in the oil/water viscosity ratio with temperature. 
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Interrelationship of Temperature and Wettability on the Relative Permeability of Heavy Oil in Diatomaceous Rocks 
 
Authors: 
J. M. Schembre; G. Q. Tang; A. R. Kovscek 
Contribution: 
This paper re-examines the influence of temperature on rock/ fluid interactions and heavy-oil relative permeability of 
diatomite rock from a core-level experimental and a pore-level perspective. 
Objective: 
To investigate the interrelationship of temperature and wettability on the relative permeability of heavy oil in diatomaceous 
Rocks. 
Methodology: 
A novel method is used here to estimate relative permeability and capillary pressure from in-situ aqueous-phase saturation 
profiles obtained from X-ray computerized tomography (CT) scanning during high-temperature imbibition experiments. 
Relative permeability and capillary pressure functions are interpreted simultaneously by using simulated annealing. 
Conclusion: 
1. Dynamic relative permeability and capillary pressure curves can be estimated from heavy-oil counter current imbibition 
experiments in diatomite reservoir core samples. 
2. The remaining oil saturation (Sor) and the water relative permeability endpoint systematically decreased as temperature 
increased. These results are consistent with an increase in water wettability of the core samples. 
3. The increase in water-wettability and decrease in residual oil saturation correlates with fines mobilization from these 
diatomite cores. A better understanding of the role played by fines and surface forces on multiphase systems has been 
developed to elucidate the effects of temperature on wettability. 
4. The mechanism discussed suggests that changes of wettability and, consequently, relative permeability with increasing 
temperature occur only after a certain temperature for fines release is reached. 
Comments: 
 Diatomite is a white- or cream-colored, friable, porous rock composed of the fossil remains of diatoms (small water plants 
with silica cell walls). It is chemically inert and having a rough texture and other unusual physical properties. 
 It has been observed experimentally and theoretically that fine particles are released from pore walls under conditions of 
elevated temperature, high pH, and moderate to low aqueous-phase salinity. The release of fines correlates with changes 
in relative permeability curves toward greater water-wetness. 
 The mechanism for formation of mixed wettability in initially water-wet rocks that has come to be accepted in recent 
years is that asphaltenes present in the crude-oil phase are deposited on pore walls (Salathiel 1973) when aqueous wetting 
films coating solid grains are unstable. 
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Effect of Oil Viscosity on Heavy-Oil/Water Relative Permeability Curves 
 
Authors: 
J. Wang; M. Dong and K. Asghari 
Contribution: 
This study presented the significance of change in viscosity due to temperature on relative permeability curves for heavy oil-
water systems 
Objective: 
The objective of this study was to investigate the viscosity effect on heavy oil-water relative permeability curves. 
Methodology: 
Unsteady state displacement tests were conducted in 14.2 cm long and 4.25 cm diameter sandpacks. Oil Viscosity ranging 
from 430 to 13,550 mPa.s. Large pore volumes of water were injected to minimize the error caused by the extrapolation of the 
recovery data.  
History matching was used to obtain the relative permeability curves, in which capillary pressure was included. 
Micromodel experiments were conducted to visually investigate the difference in the flow behaviour between heavy oil-water 
and light oil-water systems 
Conclusion: 
1. Both the oil and water relative permeability curves shifted to lower values with the increase in oil viscosity and the 
difference was larger at higher water saturation range. 
2. The residual oil saturation increased linearly with the log value of oil viscosity, while the irreducible water saturation 
tended to decrease with increasing oil viscosity. 
Comments: 
For heavy oil systems, the oil permeability at irreducible water saturation may be greater than the single phase permeability 
because of the lubricating effect of the water film. 
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Temperature Effects on the Heavy Oil/Water Relative Permeabilities of Carbonate Rocks 
 
Authors: 
Behnam Sedaee Sola; Fariborz Rashidi and Tayfun Babadagli 
Contribution: 
First to study the effect of temperature on heavy oil in carbonate reservoirs (dolomite & limestone) 
Objective: 
The objective of this study was to investigate the effect of temperature on relative permeabilities and end point saturations in 
heavy and medium oil carbonate systems. 
Methodology: 
In this study, unsteady-state relative permeability experiments were carried out using unpreserved limestone and dolomite core 
samples obtained from the oil zones of heavy oil (10-16000 cp) carbonate reservoirs. Experiments were conducted at reservoir 
pressure and original fluid saturations for a temperature range of 100–500 °F. The oil/water relative permeabilities in various 
temperatures were determined using the JBN method and history matching of the experimental data using numerical 
simulations. 
Conclusion: 
1. The dolomite/heavy oil system becomes more water-wet and the oil relative permeability increases while the water 
relative permeability decreases with increasing temperature.  
2. The shape of oil and water relative permeability curves in dolomite rocks significantly change with increasing 
temperature. In dolomite rock oil relative permeability becomes more linear and the water relative permeability decreases. 
3. If the intersection points are used as an indicator of wettability (shifting this point to right implies more water-wettability), 
one can state that the rock becomes more water-wet in dolomite/heavy oil system with increasing temperature. The result 
was opposite in limestone rock. 
4. For limestone/medium oil system, both oil and water relative permeabilities decreases with increasing temperature (up to 
200°F). Residual oil saturation increases but no significant change was found in irreducible water saturations. 
 Comments: 
The shape of oil relative permeability changes with increasing temperature which might be caused by wettability alterations 
due to elevated temperature. This, in fact, disagrees with some previous studies dealing with sandstone systems 
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Relative Permeability as a Function of Temperature, Initial Water Saturation and Flooding Fluid Composition for Modified 
Oil-Wet Chalk 
Authors: 
A. A. Hamouda; O. Karoussi and E.A Chukwudeme 
Contribution: 
This paper addresses the effect of brines, containing sulphate and magnesium (found in sea water) and distilled water as initial 
saturating and flooding fluids, on relative permeability of modified oil wet chalk cores. 
Objective: 
The objective of this study is to investigate the capillary end effect as well as effect of temperature in the presence of 
magnesium and sulphate ions (sea water) on the wettability of modified oil-wet chalk reservoir, and water–oil relative 
permeabilities. 
Methodology: 
A model oil system (n-decane) containing different fatty acids (present in oil) such as 18-phenyloctadecanoic acid (PODA), 
Stearic acid (SA) and brines containing sulphate and magnesium ions dissolved in distilled water are used. 
Conclusion: 
Based on the present study the following conclusions may be drawn on the effect of fatty acids (present in the oil phase), 
temperature and the composition of the initial saturating and flooding fluids on the relative permeability of chalk rocks. 
1. Temperature up to 175 °F decreases Sor, however at 265 °F, an increase of about 45% of Sor is detected. The latter may be 
explained based on oil trapping caused by fine detachment and migration at temperatures > 175 °F creating dead ends and 
forming localised high Sor areas in the porous medium that falsely indicate more oil-wet which is termed here as a pseudo-
oil-wet situation. 
2. Presence of Fatty acids in oil alters the wettability of chalk to more oil-wet. This is due to adsorption of polar organic 
compound in oil phase. PODA shows higher tendency compared to SA, at the same concentration, to alter the chalk to 
more oil-wet.  
3. Wettability indicated by the relative permeability curves shows the influence of initially saturated fluid composition and 
the flooding fluid composition. The modified cores initially saturated with ion free water (distilled water) and flooded by 
fluids containing Mg
2+
 or SO4 shows a shift indicating more water wet compared to reference core (initially saturated and 
flooded by ion free water).  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
